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AERONAUTIC SYMBOLS 

i. FUNDAMENTAL AND DERIVED UNITS 



Symbol 



Length - 
Time..- 
Force- 

Power.. 
Speed- _ 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram- 



horsepower (metric) . 
fkilometers per hour. 
\meters per second _ _ 



Abbrevia- 
tion 



m 

s 

kg 



k.p.h. 

m.p.s. 



English 



Unit 



foot (or mile) 

second (or hour) 

weight of 1 pound. _ 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp. 

m.p.h. 
f.p.s. 



2. GENERAL SYMBOLS 



W, Weight =mg 

g, Standard acceleration of gravity =9. 80665 
m/s 2 or 32.1740 ft./sec. 2 

™ w 

m. Mass= — 

I, Moment of inertia =mk 2 . (Indicate axis of 

radius of gyration k by proper subscript.) 
M, Coefficient of viscosity 



v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m~ 4 -s 2 
, 15° C. and 760 mm; or 0.002378 lb.-ft" 4 sec. 2 
Specific weight of "standard" air, 1.2255 kg/m 3 
0.07651 lb./cu. ft. 



at 



or 



3. AERODYNAMIC SYMBOLS 



s w , 
o, 

b, 

c, 
b 2 
S' 

v, 

2, 

L, 

D, 

Do, 

D t , 

Dp, 

C, 

R, 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure =-^pV 2 

Lift, absolute coefficient C L = 



Drag, absolute coefficient C D = 



q S 
D 



qS 



D 0 



Profile drag, absolute coefficient ^2>o = ^§ 
Induced drag, absolute coefficient Cj>t = ~g 
Parasite drag, absolute coefficient G Dp =^ 

C 

Cross-wind force, absolute coefficient C c =-^ 
Resultant force 



i wy Angle of setting of wings (relative to thrust 
line) 

i t , Angle of stabilizer setting (relative to thrust 
line) 

Q, Resultant moment 

Resultant angular velocity 

VI 

p — > Reynolds Number, where I is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 

C py Center-of -pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

a, Angle of attack 

e, Angle of downwash 

<x 0 , Angle of attack, infinite aspect ratio 

a u Angle of attack, inducea 

a a) Angle of attack, absolute (measured from zero- 
lift position) 
7, Flight-path angle 
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SUMMARY 

A general discuss ion is given of the relationships between 
stress, strain, and permanent set. From stress-set curves 
are derived proof stresses based on five different percentages 
of permanent set. The influence of prior plastic extension 
on these values is illustrah </ and discussed. A discussion 
is given of the influence of work-hardening, rest interval, 
and internal stress on the form of the proof stress-extension 
curve. 

From corrected stress-strain curves are derived curves of 
variation of the secant modulus with stress. For fully 
annealed single-phase metals, the stress-modulus line is 
curved. After more or less work-hardening {unless the 
metal is relatively soft), the stress-modulus line becomes 
straight. Hardening by the addition of a second micro- 
constituent also tends to straighten the stress-modulus line. 

A straight stress-modulus line means that the stress- 
strain curve is a quadratic parabola; the linear stress 
coefficient of the modulus of elasticity may then be repre- 
sented by a constant (Co). When the stress-modulus line 
is curved, a second constant (C) is needed to represent the 
curvature; this constant is a quadratic stress coefficient of 
the modulus. The stress-strain curve may therefore be 
approximated either by superposition of a cubic parabola 
on a quadratic parabola or by a single parabola whose 
exponent ranges between 2 and 3. The relations are 
represented by a set of simple equations. 

The variations of E 0 (the modulus of elasticity at zero 
stress) and Co with prior plastic extension are illustrated 
and discussed. The variations of Eq } Co, and the proof 
stresses consist in a wavelike basic curve with superposed 
oscillations due to varying duration of the rest interval 
and to the extension spacing. 

The elastic properties of monel metal, Inconel, and 
aluminum-monel metal are considered. Comparison is 
made between diagrams of various types, for work-hardened 
metal and for metal that has been annealed either for com- 
plete softening or for relief of internal stress. A study is 
made of the effect of annealing temperature on the proof 
stresses and on E 0 and C 0 . The proof stresses of cold- 
worked metal may be greatly increased by suitable anneal- 
ing without important loss of yield strength. 



The effect of annealing on the elastic properties of 18:8 
chromium-nickel steel and also the influence of plastic 
extension on the proof stresses and on E 0 and C 0 are dis- 
cussed. The influence of heat treatment and of plastic 
extension on the elastic properties of 13 : 2 chromium- 
nickel steel is considered. The proof stresses for these 
alloys may be greatly increased by suitable anneal lug or 
other heat treatment. 

Comparison of the elastic properties of copper with 
those of the other metals throws much light on the interrela- 
tionship between various factors affecting these properties. 

Hit directional variation of tin modulus of elasticity of 
metal crystals and the variation of crystal orientation 
with plastic deformation is discussed. These data are 
then applied to a discussion of the influence of plastic 
extension on the form and the initial slope of the stress- 
strain curve. It is shown that the forms of the curves of 
variation of E 0 and C 0 with prior plastic extension are 
affected by three factors: the work-hardening factor, the 
internal stress, and the change of crystal orientation. 
These factors also affect the inclination of the entire 
stress-strain curve up to the yield point . 

INTRODUCTION 

An investigation of the tensile elastic properties of 
high-strength aircraft metals sponsored by the National 
Advisory Committee for Aeronautics is being conducted 
at the National Bureau of Standards. In a previous 
report (reference L) has been described the results ob- 
tained with five steels whose compositions were within 
the ordinary range of 18 : 8 chromium-nickel steel. In 
the annealed condition, this alloy is relatively soft. It 
can be strengthened by cold work but not (to an im- 
portant extent) by heat treatment. Four of the com- 
positions were in three degrees of hardness (designated 
fully annealed, half-hard, and hard), and one was in 
two degrees of hardness. 

The elastic properties considered were the modulus of 
elasticity and the elastic strength. The elastic strength 
was expressed in terms of five indices, each representing 
the stress that resulted in a chosen amount of perma- 
nent extension (permanent set) after removal of the 
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tensile load. The five percentages of permanent sel 
were: 0.001, 0.003, 0.01, 0.03, and 0.1. The stresses 
that cause these permanent extensions were termed 
"proof" stresses. The proof stresses were obtained by 
interpolation from curves of variation of permanent set 
with previously applied stress. 

From corresponding curves of variation of the total 
extension (both elastic and permanent) with stress, 
corrected graphs were obtained, representing the varia- 
tion of elastic strain with stress. From these graphs 
(for 18:8 chromium-nickel steel), which were found to 
be curved from the origin, were derived the variations 
of the secant modulus with stress. Stress-modulus 
lines thus obtained were found to be curved for fully 
;ii mealed metal. After a small amount of prior plastic 
extension, however, the stress-modulus lines became 
straight. The half-hard and the hard 18 : 8 alloys 
generally gave straight stress-modulus lines. 

Equations were derived to represent these stress- 
modulus lines. One of the constants in the equation 
is Young's modulus and the other is the stress coefficient 
of the secant modulus. By use of these constants ob- 
tained from the stress-strain curve and by use of the 
proof stresses obtained from the stress-set curve, a 
fairly good picture of the elastic properties of a metal 
may be obtained. 

A study was made of the influence of prior plastic 
extension on the elastic properties of 18 : 8 chromium- 
nickel steel. The information was presented by curves 
of variation with prior plastic extension of the modulus 
at zero stress, of its stress coefficient, and of the five 
proof stresses. 

Consideration was also given to the influence of 
positive and negative creep on the stress-strain and the 
stress-set curves and on seven derived indices. The 
observed variation of these indices with plastic extension 
was found to be greatly affected by the duration of the 
interval between plastic extension and the beginning of 
the next determination of a stress-strain or a stress-set 
curve, and also by the "extension spacing" (amount 
and distribution of the intervals of plastic extension 
between two determinations of stress-strain or stress-set 
curves). 

The present report includes the results of a continued 
investigation of the elastic properties of 18 : 8 chro- 
mium-nickel steel. It also includes the results of inves- 
t i^ation of a heat-treatable stainless steel and of four 
nonferrous metals. The heat-treatable steel contained 
about 13 percent chromium and 2 percent nickel. 
Three of the nonferrous metals were high-strength 
alloys: monel metal, aluminum-monel metal (K-monel 
metal), and Inconel (an alloy containing about 13 
percent chromium, 82 percent nickel, and 5 percent 
iron). The other nonferrous metal was copper. Three 
specimens of oxygen-free copper, which is being used 
in an investigation of creep of metals, were used for 



this investigation of elastic properties. The informa- 
tion thus obtained, which is included in this report, 
makes it possible to compare the elastic properties of 
a pure, relatively soft metal with the elastic properties 
of metals that have been hardened by alloying and by 
cold work, and thus to evaluate the separate and the 
combined influences of important factors affecting the 
elastic properties of metals. 

The monel metal used in this investigation is also 
being used in an investigation of creep of metals at 
elevated temperatures. In that investigation as well 
as in an investigation of elastic properties, it is necessary 
to separate (as far as possible) the total strain into its 
two components — plastic strain and elastic strain. 

In addition to continued study of the influence of 
plastic extension on elastic properties, this report in- 
cludes the results of investigation of the influence of 
annealing, especially annealing for relief of internal 
stress without important decrease of strength. The 
report also considers the influence of heat treatment on 
the elastic properties of 13 : 2 chromium-nickel steel. 

The metals used in this investigation and the methods 
of experiment are described in section I. A brief 
outline of the relationship between stress, strain, and 
permanent set, and of the methods of obtaining stress- 
deviation and stress-set curves, is given in section II. 
Sections III to VIII, inclusive, consider the tensile 
elastic properties of the six previously mentioned metals, 
as affected by plastic extension and by annealing or 
other heat treatment. Section IX gives a general 
discussion of the influence of crystal orientation on the 
elastic properties of metals and of the variation of 
crystal orientation with plastic extension of a poly- 
crystalline aggregate. The information thus assembled 
is applied in section X to a discussion of the influence 
of three important factors on the variation of the secant 
modulus, the variation of the modulus of elasticity, and 
the variation of its stress coefficient, with prior plastic 
extensions. Section X considers the form of the stress- 
strain (or stress-deviation line) as affected by the three 
factors associated with plastic extension. The con- 
clusions reached in this discussion are chiefly based 
on a comparison of diagrams obtained with the six 
metals considered in this report. 

I. MATERIALS, APPARATUS, AND METHODS 

MATERIALS AND SPECIMENS 

The 18:8 chromium-nickel steel used in this investi- 
gation was supplied by the Allegheny Ludlum Steel 
Corporation through the cooperation of Dr. V. N. 
Krivobok, associate director of research. The monel 
metal, the aluminum-monel metal, and the Inconel 
were supplied by the International Nickel Co. through 
the cooperation of Mr. A. J. Wadhams, director of 
research. The 13 : 2 chromium-nickel steel was supplied 
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by the Carpenter Steel Co. through the cooperation of 
Mr. G. V. Luerssen. The oxygen-free copper was 
supplied by the Scomet Engineering Co. through the 
cooperation of Mr. Sidney Rolle, assistant manager. 
Acknowledgment is made to all these companies and to 
their representatives for their generous cooperation. 

AH six metals were supplied in the form of round rods. 
The 13:2 chromium-nickel steel was supplied in the 
annealed condition (heated to 1,240° F and slowly 
cooled in the furnace). The copper was cold-rolled. 
The other four metals were cold-drawn. The composi- 
tions of the metals are given in table I. The tensile 
properties of the rods as received are given in table II. 
In each serial designation, the composition is indicated 
by the first letter (in reference 1 the composition is 
indicated by a number). The 18 : 8 chromium-nickel 
steel used in the investigation of the effect of relief of 
internal stress was supplied in half-hard and hard 
condition. The degree of hardness is indicated by the 
letters M or H, respectively, following the letter repre- 
senting the composition. In order to indicate any 
annealing or tempering treatment given to the metal, 
the serial designation includes also a number represent- 
ing the temperature of the treatment (the number of 
Fahrenheit degrees in hundreds). Details of thermal 
t rent men 1 are given in table 111. 

Only tension-test specimens were used in this investi- 
gation. The diameters of these specimens over their 
gage length and the corresponding bar diameters are 
given in table II. As the error (in pounds) in estima- 
tion of the load is practically independent of the load, 
the percentage error decreases with increase in load; 
hence, the percentage error in estimation of both load 
and stress decreases with increase in the cross section of 
the specimen. For this reason, the gage diameters 
were made as large as possible. In other respects, the 
specimens were according to the standard of the Amer- 
ican Society for Testing Materials for threaded speci- 
mens with 2-inch gage length. The ratio of gage length 
to diameter was unimportant in this investigation 
because the investigation of elastic properties never 
required extension beyond the point of beginning local 
contraction. 

APPARATUS 

A pendulum hydraulic testing machine of 50,000- 
pound capacity was used. The specimens were held 
in grips with spherical seats. In some of the earlier 
experiments, a Ewing extensometer with ratio 5:1 was 
used. The smallest scale division on this instrument 
corresponds to a change of length of 0.00008 inch, and 
readings could be estimated to about ±0.000008 inch; 
this sensitivity corresponds to a strain sensitivity of 
rt4.0X10 -4 percent for the 2-inch gage length used. 
The Ewing extensometer measures the average of the 
extensions on two opposite sides of the specimen. In 
the later experiments, a pair of Tuckerman optical 



strain gages were used; these gages were attached to 
the opposite sides of the specimens. The smallest 
scale division on this extensometer corresponds to a 
change in length of 0.00004 inch. By means of a 
vernier on this instrument, it is possible to estimate 
changes of length to within about 0.000002 inch; 
this sensitivity eonvtpouds to a strain sensitivity of 
1.0X10" 4 percent for the 2-inch gage length used. 

METHOD OF INVESTIGATION 

The experiments consisted in determining the total 
strains at various stresses, and the corresponding per- 
manent extensions after release of load. The results 
thus obtained were used in plotting correlated stress- 
strain and stress-set curves. From the stress-set 
curves, proof stresses were obtained corresponding to 
permanent sets of 0.001, 0.003, 0.01, 0.03, and 0.1 
percent. From the stress-strain curves, values were 
obtained for the modulus of elasticity. 

As one object of the investigation was to determine 
the variation of elastic properties with plastic deforma- 
tion, the previously mentioned correlated information 
was obtained with specimens that had received various 
degrees of cold-work. In order to investigate the effects 
of numerous small valuations in prior plastic deforma- 
tion, specimens were extended by numerous short 
stages; and stress-strain and stress-set curves were 
obtained after each of these stages. With the same 
specimen, it was thus possible to obtain a sequence of 
curves representing the variation of elastic properties 
with plastic deformation. 

ACCURACY OF DETERMINATION OF STRESS-SET CURVES 

Permanent set was not measured at zero load but 
at a load of 200 pounds. In order to determine the 
error in setting at this load, a series of extensometer 
readings was taken (with the same specimen) involving 
repeated increase of the load to a maximum (the 
selected value of this maximum being low enough to 
avoid permanent set) and reduction again to the mini- 
mum. The maximum difference between two successive 
readings at the minimum was equivalent to a load 
change 1 of 0 pounds. This value corresponds to a 
stress error of 30 to 120 pounds per square inch, depend- 
ing on the gage diameter of the specimen used. This 
stress error corresponds to a strain error of 0.0001 to 
0.0004 percent, assuming a modulus of 30 million 
pounds per square inch. The effect of this error would 
be most important in determination of the lower part 
of a stress-set curve. As proof stresses in this report 
are based on permanent sets of 0.001, 0.003, 0.01, 0.03, 
and 0.1 percent, the corresponding maximum errors 
in these proof stresses probably would not exceed 10 to 
40 percent, 3 to 12 percent, 1 to 4 percent, 0.3 to 1.2 
percent, and 0.1 to 0.4 percent, respectively. 
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When a stress-set curve was plotted however, a 
number of determinations of permanent set were made 
and the curve was faired through all these points. The 
probable error involved in determining proof stresses, 
therefore, would be somewhat less than those for single 
measurements. The percentage error in determining 
values for the proof stress corresponding to a per- 
manent set of 0.001 percent, however, is rather large. 
The error, nevertheless, is insufficient to invalidate the 
results; as shown in a number of figures to be dis- 
cussed, valuations of the 0.001-percent proof stress 
(with the various factors) are qualitatively similar to 
variations of the proof stresses corresponding to higher 
values of permanent set. 

II. THE RELATIONSHIP BETWEEN STRESS, STRAIN, 
AND PERMANENT SET 

RELATIONSHIP BETWEEN STRESS-STRAIN AND STRESS-SET CURVES 

Investigation of the elastic properties of metals in- 
volves investigation of the relationship between stress, 
strain, and permanent set. A stress-strain curve alone 
gives incomplete Information about elastic properties. 
This information needs to be supplemented by infor- 
mation about the relation between stress and the 
slight plastie extension (permanent set) remaining after 
removal of the stress. For the study of elastic proper- 
bies, consequently, use should be made of both stress- 
strain and stress-set curves. The stress-set relationship 
was studied by means of a series of gradually in- 
creasing cycles of application and removal of stress, and 
by observation of the permanent set at the end of each 
cycle. The maximum stress was small in the first 
cycle but was increased from one cycle to the next 
until the total permanent set amounted to 0.1 percent 
or more. A stress-set curve is obtained by plotting 
the stress at the top of the cycle against the total 
permanent set at the bottom. 

Each cycle of application and removal of stress may 
be represented by a continuous stress-strain curve. 
The ascending and descending portions of this curve 
generally do not coincide but form a loop, known as a 
hysteresis loop. The greatest width of the loop and 
the opening at the bottom depend on the stress range 
and on the number and the size of any previous cycles. 
Unless the loop is closed at the bottom, the width of 
the loop depends also on the duration of the cycle. 
The width of the opening at the bottom of the loop is a 
measure of the net permanent set due to the cycle. 

The net permanent set is the difference between the 
positive and the negative creep occurring during the 
cycle. (Positive creep tends to occur chiefly near the 
top and negative creep near the bottom of the loop.) 
The interrelationship between stress, strain, and per- 
manent set, therefore, cannot be studied successfully 
without considering the influence of hysteresis and of 



positive and negative creep. In the previous report 
(reference 1), considerable attention was given to 
hysteresis, as affected by cyclic repetition and cycle 
frequency. 

The stress-strain relationship may be studied con- 
veniently with the help of a stress-deviation curve. 
Such a curve is obtained by plotting, instead of total 
strains, the differences between the total strains and the 
strains estimated by use of an assumed constant value 
of the modulus of elasticity. These differences repre- 
sent deviations from an assumed straight stress-strain 
line, whose slope represents the assumed value of the 
modulus. By a suitable choice of the assumed value of 
the modulus, the stress-deviation curve gives a very 
sensitive representation of the variation of strain with 
stress. 

A series of gradually increasing cycles of application 
and removal of stress, in determining a stress-set curve, 
may be represented by a continuous, complex stress- 
deviation curve, in which each cycle of stress is repre- 
sented by a hysteresis loop. The entire series of cycles 
is thus represented by a series of gradually increasing 
hysteresis loops, as illustrated in figure 3 of reference 1. 
BVom the origin of such a series of loops may be drawn a 
continuously rising curve, starting at the origin of the 
series and passing through the tops of all the hysteresis 
loops. By this method were obtained the numerous 
stress-deviation curves shown in the previous report 
and in the present report. A curve thus obtained is 
practically identical with a curve obtained by uninter- 
rupted increase of stress. A stress-set curve may be 
obtained from the same series of hysteresis loops by 
plotting the stress at the top of each loop against the 
total permanent set at the bottom. 

THE INFLUENCE OF CREEP. AND OF OTHER CHANGES DEPENDENT 
ON TIME. ON THE FORM OF THE STRESS DEVIATION AND THE 
STRESS-SET CURVES 

The observed net permanent set, due to a stress cycle, 
depends not only on the positive and negative creep 
during the cycle but also on the negative creep during 
the interval between the removal of the stress and the 
observation of the permanent set. The observed per- 
manent set therefore depends considerably on the dura- 
tion of the cycle and on the time interval at the end of 
the cycle. A stress-set curve being based on a series of 
cycles, the course of such a curve is affected by the dura- 
tion of the individual cycles and by the time intervals 
between the cycles. The course of the ascending pari 
of a hysteresis loop, especially near the beginning of the 
ascent, may be affected by negative creep if time is not 
given for the most rapid part of the negative creep at 
the end of the preceding cycle. The courses of a stress- 
deviation curve and a stress-set curve are also influenced 
by the "rest interval" between any prior plastic defor- 
mation and the beginning of the determination of the 



TENSILE ELASTIC PROPERTIES OF STAINLESS STEELS AND NONFERROUS METALS 



5 



correlated curves. The type of curve, therefore, is 
affected more or less by the entire time schedule. 

In the investigation described in the previous report, 
a definite time schedule was followed during each cycle. 
After loading, the strain was measured bnmediately. 
An interval of 1 minute, however, was provided between 
the end of each cycle and the instant of observation of 
the permanent set (at the beginning of the next cycle). 
This interval was found sufficient to permit practically 
all the thermal creep and the most rapid portion of the 
inelastic creep. 1 In the experiments described in the 
present report, a 2-minutc rest interval was provided 
before strain measurement alter both application and 
removal of load. 

In the previous report, much attention was given 
to the effect of the rest interval between plastic exten- 
sion and the beginning of determination of the next 
pair of correlated curves. This rest interval was 
intentionally varied between about 2 minutes and 
several days; occasionally the interval was considerably 
longer. In some experiments, provision was made 
for a rest interval of 'M) minutes with the specimen in 
boiling water. The short rest interval at this tempera- 
ture was found to have as much effect on the elastic 
properties of 18:8 chromium-nickel steel as a rest 
interval of a day or more at room temperature. Con- 
tinued attention was given to the influence of the resl 
interval during the experiments described in the present 
report. 

CORRELATED STRESS-DEVIATION AND STRESS-SET CURVES 

By correlating stress-deviation and stress-modulus 
curves, information may be obtained about the elastic 
strength and the modulus of elasticity. In this report, 
as in the previous report, such correlated curves and 
diagrams derived from them are used in studying the 
influence of plastic deformation and of heat treatment 
on elastic properties of typical metals. 

Correlated stress-deviation and stress-set curves are 
shown in figure 1 and in a number of other figures of 
the same type. The stress-set curves are in the lower 
row of each figure; directly above the origin of each 
stress-set curve is the origin of a corresponding pair 
of stress-deviation curves. The broken curve of each 
pair of stress-deviation curves is based on the observed 
total deviations at the indicated stresses. (The experi- 
mentally determined points upon which this curve is 
based, are differentiated by keyed symbols.) Each 
broken curve represents the influence of stress on total 
deviation. The continuous curve of each pair of 
stress-deviation curves is derived from the broken 
curve by deducting from the total deviations the devi- 
ations equivalent to the corresponding stress-set curve. 
Each continuous stress-deviation curve, therefore, 

I A general discussion of thermal creep and inelastic creep is given in reference I. 



presumably represents the influence of stress on elastic 
deviation. 

III. THE TENSILE ELASTIC PROPERTIES OF MONEL 
METAL AS AFFECTED BY PLASTIC DEFORMATION 
AND BY ANNEALING 

DESCRIPTION OF THE MONEL METAL 

In the study of the elastic properties of high-strength 
nonferrous metals, it appears desirable to begin with a 
single-phase alloy, that is, an alloy whose elastic strength 
depends chiefly on plastic deformation. The alloy 
chosen for this purpose was monel metal. 

The monel metal (designated G) had been obtained 
primarily for use in an investigation of creep of metals 
at elevated temperatures. For this purpose, it was 
desired that the alloy contain, as nearly as possible, 
only one metallographic constituent. The composition 
(given in table I), therefore, is adapted for this purpose 
and not primarily for giving the highest obtainable 
strength. In order to secure a fine-grained material, 
cold-worked uniformly throughout the cross section, 
the cross section had been reduced by cold drawing 
somewhat more than usual for ordinary commercial 
cold-drawn rod of this size. 

The recrystallization range for cold-worked monel 
metal is about 1,100° to 1,200° F, but depends con- 
siderably on the degree of cold work. For investiga- 
tion of the elastic properties, one specimen was tested 
as received. Another specimen was tested after an- 
nealing at 800° F. Annealing at this temperature 
generally removes a large proportion of the internal 
stress without an important loss of tensile strength and 
hardness and with an improvement in elastic strength. 
Two specimens also were tested after annealing for 
recrystallization. One of these specimens was annealed 
at a temperature (1,200° F) just above the recrystalli- 
zation range; the other specimen was annealed at 
1,400° F. In the discussion of the results obtained 
with monel metal, attention will first be directed to the 
metal in a relatively soft condition, after annealing at 
1,200° and 1,400° F. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR FULLY 
ANNEALED MONEL METAL 

Correlated stress-deviation and stress-set curves 
obtained with annealed monel metal are shown in 
figure 1 and in the diagram at the left of figure 3. The 
stress-set curves in each figure are in the lower sect ion. 
The origin of each curve is shifted to the right a constant 
distance from the origin of the preceding curve. Each 
curve thus has its own scale of abscissas. Distances 
between the origins have no relation to the scale of 
abscissas. 

All the curves of figure 1 were obtained with a 
specimen that had been annealed at 1,400° F. All the 



6 



REPORT NO. 696 — NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



curves of the diagram at the loft of figure 3 were ob- 
tained with a specimen that had been annealed at 
1,200° F. The curves were obtained consecutively 
from left to right, by methods described in sections I 
and [I, and with intervening (varying) amounts of 
prior plastic extension. Neither the intervening per- 
centages nor the total percentages of prior plastic ex- 
tension are indicated in figures 1 and 3. The curves 
in each figure are numbered consecutively, however, 
and the percentages of prior plastic extension may be 
found by referring to the correspondingly numbered 
experimental points in figures 2 and 4, which are 
derived from the stress-set curves in figures 1 and 3, 
respectively. 

From each stress-set curve in figures 1 and 3 are 
derived five proof-stress values, corresponding to the 
five previously mentioned percentages of permanent set. 
In figures 2 and 4, these proof stresses are plotted 
against the corresponding percentages of prior plastic 
extension. The five curves thus obtained are separated 
by using five different indicated scales of ordinates. 
The ordinates in these figures, as in figures 1 and 3, 
represent "true stresses/' based on the sectional area 
at the beginning of determination of each stress-set (or 
stress-deviation) curve. A true-stress value, conse- 
quently, is obtained by multiplying the corresponding 
nominal stress (stress based on the initial sectional 
area) by 1 plus the fractional extension (1 plus Koo of 
the extension in percent). 

Alter the initial stress-set curve had been determined, 
a second curve was determined with practically no 
intervening plastic extension. The specimen was then 
extended by numerous small stages to the beginning o 
local contraction (maximum load). After each of these 
stages, the specimen was allowed to rest without stress 
for an interval of varying duration, and a stress-set 
curve was then determined. The duration of the prior 
rest interval is indicated by the symbol placed at an 
experimentally determined point on each stress-set 
curve. The duration, as shown in figures 1 and 3, 
ranged from 3 minutes to 104 hours. 

As shown in figures 2 and 4, the experimental points 
in each curve (with the exception of the last experi- 
mental point in each curve of fig. 2) are distributed in 
pairs, which are separated by relatively long plastic 
extensions. Each pair of experimental points is de- 
rived from a pair of stress-set curves determined with 
no intervening plastic extension. The difference in 
prior plastic extension (for tin* curves of a pair), there- 
fore, is merely the extension made in determining the 
first curve of the pair. The alternate long and short 
plastic extensions were made to reveal the influence of 
one of the variables affecting the form of the stress-set 
curve and the values of the derived proof stresses. 
This variable is the distribution of me determinations 



of stress-set curves throughout the range of plastic 
extension; it has been termed "extension spacing." 

The stress-set relationship, as affected by plastic 
extension, rest interval, and extension spacing, may 
best be studied by considering both the stress-set 
curves and the derived curves of variation of proof 
stresses with prior plastic extension. The steeper the 
stress-set curve, the higher are the derived proof 
stresses. 

The initial stress-set curves (curves 1 in figs. 1 and 

3) show no appreciable permanent set at stresses below 
about 30,000 pounds per square inch. With in- 
crease in stress above about 30,000 pounds per 
square inch, permanent set increases at an increasing 
rate, and a yield point is reached at about 40,000 
pounds per square inch. In curve 2 of each of these 
figures, the stress at which permanent set becomes 
appreciable is lower than in curve 1, and curve 2 re- 
mains below curve 1. Curve 3, up to the yield point, 
is below curve 2. Minimum steepness is found in 
curve 5 of figure 1 and in curve 3 of figure 3. These 
and other variations in steepness can best be studied 
by means of the corresponding variations of proof 
stresses, as shown in figures 2 and 4. 

As indices of elastic strength, the proof stresses based 
on 0.001 and 0.003 percent permanent set probably 
should receive more consideration than the three proof 
stresses based on larger percentages of permanent set. 
The 0. 10 percent proof stress probably should be viewed 
as an index of resistance to yield rather than as an index 
of elastic strength. In the discussion of curves of 
variation of proof stress with prior ext ension (figs. 2 and 

4) , therefore, chief attention will be given to the curves 
representing the 0.001 and the 0.003-percent proof 
stresses. 

Corresponding to the previously described variation 
in steepness of the stress-set curve, there are variations 
in height of the derived curves in figures 2 and 4. The 
curves representing 0.001- and 0.003-percent proof 
stress descend rapidly from the origin and reach a 
minimum when the prior plastic extension is about 1 
percent. Beyond this minimum, the curves rise 
rapidly until they reach a maximum, at an extension of 
a lew percent. The extension at the maximum de- 
pends considerably on the variations in the rest interval 
and on the extension spacing of the experimental points. 
Beyond this maximum, the 0.001-percent curves oscil- 
late through a relatively wide vertical range, without a 
general upward trend until the prior extension exceeds 
about 20 percent. The 0.003-percent curves, beyond 
the first maximum, show a general upward trend, with 
wide oscillations. 

The prior extension at the first minimum is not the 
same in all the curves of each figure. In figure 2, the 
minimum is at point 5 in the lower two curves but is at 
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points 3 and 4 in the upper three curves. In figure 4, 
the first minimum is at point 3 in the lower three curves 
but is at point 2 in the upper two curves. The exten- 
sion at the first minimum evidently decreases with 
increase in the permanent set on which the proof stress 
is based. In each figure, however, all five points de- 
rived from stress-set' curve 2 are below the correspond- 
ing points derived from stress-set curve 1 . This rela- 
tionship is in accordance with the fact that stress-set 
curves 2, throughout the range shown in figures 1 and 
3, are below curves 1. 

Beyond the first maximum in the curves of figures 2 
and 4, the oscillations are due largely to the combined 
influence of the rest interval and the extension spacing. 
The prior rest intervals, for the curves in figures 1 and 
3, were alternately long and short. A relatively long 
rest interval preceded the determination of the first 
experimental point of each pair and thus followed a 
relatively long plastic extension. Preceding the second 
experimental point of each pah* was a relatively short 
rest interval. The alterations in the duration of the 
rest interval, therefore, correspond qualitatively to the 
alternations in the extension interval. The evidence 
in figures 1 to 4 indicates that the combined influence 
of the duration of the rest interval and the extension 
spacing greatly affects the steepness of the stress-set 
curve and the form of the proof stress-extension curves 
for monel metal. 

The first stress-set curve of a consecutive pair (figs. 
1 and 3) evidently tends to be less steep than the 
second curve. To this relationship there are few ex- 
ceptions. Prominent examples of this relationship 
are: Pairs 13-14 and 19-20 of figure 1, and pairs 3-4, 
13-14, and 15-16 of figure 3. Corresponding to these 
differences in slope are differences in the derived proof 
stresses; these differences cause the second experimental 
point of each pair in figures 2 and 4 to be (with few 
exceptions) higher than the first. The only con- 
spicuous exceptions in figure 2 are pairs 1-2 and 9-10. 
The only exception in figure 4 is pair 1-2. The im- 
portant exceptions generally are found within an initial 
range of relatively small prior plastic extension. This 
range is the region of the previously described initial 
descent of the curve, followed by a rise and another 
descent, all within a relatively small range of prior 
plastic extension. In this range, the oscillations 
caused by the extension spacing and the varying dura- 
tion of the rest interval evidently are superposed on a 
basic curve consisting of an initial descent followed by 
a rise and a subsequent irregular course. The course 
of this basic curve may mask the tendency of the second 
point of a consecutive pair to be higher than the first. 
An example of this effect is pair 9-10 of figure 2. 

The first experimental point of each pair (figs. 2 and 
4) was obtained after a relatively long stage of plastic 



extension and after a relatively long rest interval. 
Because of the combined influence of this variation of 
the rest interval and this extension spacing, the second 
experimental point of each pair tends to be higher than 
the first. With 18 : 8 chromium-nickel steel, as shown 
in the previous report, each of these factors (separately) 
tends to cause the second point of a pair (in a diagram 
such as those in figs. 2 and 4) to be higher than the first. 
The evidence in figures 2 and 4 thus indicates that the 
combined influence of both these factors is qualitatively 
the same for monel metal as for 18 : 8 chromium-nickel 
steel but does not determine whether the separate in- 
fluence of each factor is qualitatively the same for 
both alloys. 

The influence of the extension spacing alone on proof 
stresses of 18 : 8 chromium-nickel steel was established 
(in reference 1) by curves of the type shown in figures 
2 and 4 but with all the rest intervals relatively long, 
that is, a day or more. In such curves, the second 
experimental point of a pair, with few exceptions, is 
higher than the first. The exceptions are pairs of 
points in regions of prominent rise or descent of the 
basic curve. In such regions, the influence of the ex- 
tension spacing may be partly masked by the course 
of the basic curve. 

The separate influence of duration of the rest interval 
on proof stresses of 18 : 8 chromium-nickel steel was 
revealed in the previous report by diagrams of the type 
shown in figures 2 and 4 but with all the extension 
intervals short. Some entire diagrams were derived 
from a consecutive series of stress-set curves with 
practically no intervening extension intervals. The 
rest intervals, however, varied over a wide range. In 
the resultant diagrams, therefore, the influence of 
duration of the rest interval was clearly revealed. 
The shorter the rest interval, the higher generally are 
the resultant experimental points in diagrams such as 
those in figures 2 and 4. 

A separate evaluation of the influences of extension 
spacing and rest interval has not been attempted for 
the metals discussed in this report. The combined 
influence of the two factors, however, is clearly shown. 
For monel metal, the combined influence evidently is 
qualitatively the same as for 18 : 8 chromium-nickel 
steel. That the separate influence of each of these 
variables also is qualitatively the same is indicated by 
scattered evidence, to he mentioned later. 

The initial descent of the curves in figures 2 and 4 is 
very different from the course of the corresponding 
curves for 18 : 8 chromium-nickel steel shown in the 
previous report. In those curves, practically without 
exception, the initial direction is upward. A second 
stress-set curve following the initial stress-set curve 
without intervening plastic extension, was found to be 
steeper than the initial curve. Proof stresses derived 
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from the second curve, consequently, were higher (fre- 
quently much higher) than those derived from the 
initial curve. These results were obtained with five 
compositions of 18 : 8 chromium-nickel steel, with 
specimens annealed, half-hard, and hard. The very 
different results obtained with annealed monel metal, 
however, are not due to inherent difference (in this 
respect) between monel metal and 18 : 8 chromium- 
nickel steel. Reasons for the initial descent of the 
curves in figures 2 and 4 are given later. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK- 
HARDENED MONEL METAL 

Attention will now be given to the same alloy in the 
work-hardened condition. The alloy to be considered 
first is monel metal G, which has been cold-drawn and 
not afterward annealed, even for relief of internal stress. 
In this condition, as shown in table II, the tensile 
strength is about one-third greater than that of the 
annealed alloy. 

In the diagram at the left of figure 9 are correlated 
stress-deviation and stress-set curves for this work- 
hardened alloy. In the diagram at the left of figure 10 
are the derived curves of variation of proof stress with 
prior plastic extension. The stress-set curves, in the 
lower section at the left of figure 9, are numbered con- 
secutively; the derived points representing proof stresses 
are correspondingly numbered in figure 10. Abscissas 
of these points thus represent the prior plastic exten- 
sions for the corresponding stress-set curves in figure 9. 
In each curve of figure 10, as in figures 2 and 4, the ex- 
perimental points are distributed in pairs separated by 
relatively long intervals of plastic extension. 

In the study of the stress-set curves for monel metal 
G (fig. 9), attention should first be given to the initial 
pair of curves, designated 1 and 2. These curves were 
obtained with practically no intervening extension. 
The slight extension made in determining curve 1 has 
caused curve 2 to be much steeper than curve 1 through- 
out the entire range used in deriving proof stresses. 
This slight initial plastic extension, therefore, has in- 
creased both the elastic strength and the yield strength. 
In the derived diagram (fig. 10), consequently, the 
second experimental point is considerably higher than 
the first point in each curve except the lowest. In the 
curve for 0.001-percent proof stress, the second experi- 
mental point is no higher than the first. Because of the 
relatively large error inherent in the estimation of the 
0.001-percent proof stress, however, not much weight 
should be given to this exception. The evidence ap- 
pears to indicate that all five proof stresses derived 
from stress-set curve 2 are higher than those derived 
from stress-set curve 1. In this respect, the work- 
hardened monel metal G behaves very differently from 
the same metal in the fully annealed condition (figs. 1 
to 4). 



The combined influence of the extension spacing and 
the duration of the rest interval causes the second point 
of each pair to be higher than the first. This difference 
in height, in figure 10, as in figures 2 and 4, tends to 
increase wit h work-hardening. As shown in the previous 
report, work-hardening has a similar effect on the range 
of oscillation in the proof stress-extension curves for 
18 : 8 chromium-nickel steel. 

The general trend in the curves for 0.001- and 0. 003- 
percent proof stresses, somewhat obscured by super- 
posed oscillations due to the extension spacing and the 
variations of the rest interval, is upward between points 
1 and 4. Each of these curves then, descends abruptly 
to a minimum at point 5. Point 5 is lower than point 
3 in spite of the much longer rest interval prior to deter- 
mination of point 3 and is even below point 1. From 
point 5 these two curves rise throughout the rest of 
their length to the beginning of local contraction. This 
description of the basic curve applies only to the curves 
of variation of the 0.00]- and the 0.003-percent proof 
stresses. The curves representing 0.01-, 0.03-, and 
0.1-percent proof stresses would probably rise continu- 
ously if they were free from the superposed oscillations 
due to the extension spacing and the variations of the 
rest interval. 

The basic curve for work-hardened monel metal G 
(for 0.001- and 0.003-percent proof stresses) evidently 
differs greatly from the basic curve for fully annealed 
monel metal (figs. 2 and 4). The basic curve for an- 
nealed monel metal first descends abruptly to a miiu- 
mum and then rises rapidly and traverses a maximum, 
all within a small range of prior plastic extension. The 
basic curve for work-hardened monel metal G first rises 
to a maximum, then descends rapidly to a minimum, 
and again rises. Reasons for tins difference are given 
later. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR MONEL 
METAL ANNEALED FOR RELIEF OF INTERNAL STRESS 

The great difference between work-hardened metal (1 
and fully annealed metals G-12 and G-14, as regards 
the form of the basic proof stress-extension curve, sug- 
gested the desirability of determining the effect of an- 
nealing for relief of internal stress. For this purpose, 
specimens of the cold-drawn alloy G were annealed at 
800° F, as described in table III. Correlated stress- 
deviation and stress-set curves obtained with this alloy 
(G-8) are shown in the diagram at the right of figure 9. 
Proof stresses derived from the stress-set curves are 
shown in figure 10. In each of these figures, comparison 
may readily be made between the curves obtained with 
alloys G and G-8, and information may thus be obtained 
about the influence of relief of internal stress. Atten- 
tion will first be given to the diagrams for alloy G-8 

The initial stress-set curve for monel metal G-8 is 
steeper than curve 2, throughout the range shown in 
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figure 9. In the derived diagram (fig. 10), point 1 is 
lower than point 2 in the curve for 0.1-percent proof 
stress, is at the same height in the curve for 0.03-percent 
proof stress, but is higher than point 2 in the curves 
for 0.001-, 0.003-, and 0.01-percent proof stresses. The 
initial trend of the curve for 0.001- and 0.003-percent 
proof stresses is downward to point 3. In the absence 
of superposed oscillations, which are due to the exten- 
sion spacing and to the variations of the rest interval, 
the lower three curves possibly would reach a minimum 
at a prior extension of a little less than 1 per cent and 
would then rise to a maximum, as do the curves for 
fu ly annealed monel metal (figs. 2 and 4). Such a 
course appears to be suggested by the curve for 0.01- 
percent proof stress. It is also possible, however, that 
the relatively high position of point 6 in each of these 
curves is due entirely to the combined influence of the 
extension spacing and the variations of the rest interval. 

In reference 1 evidence was presented that an ex- 
ceptionally high point due to these two factors tends to 
be followed by an exceptionally low point, and vice 
versa. By adjusting the extension spacing and the 
rest intervals, the oscillations may be greatly accen- 
tuated. Such accentuation possibly exists in the dia- 
gram for metal G-8 (fig. 10). The long rest interval 
prior to point 3 has caused a depression at this point in 
each of the lower two curves. From point 3, there is a 
rebound due to the relatively short rest interval prior 
to point 4. This rebound tends to accentuate the fol- 
lowing depression (at only slight additional extension) 
at point 5; this exceptionally low point tends to accen- 
tuate the following rebound and thus tends to cause 
point 6 to be exceptionally high. Such accentuated 
oscillations, due largely to variations in the rest interval, 
probably arise when the experimental points are sepa- 
rated by small intervals of prior plastic extension, as are 
points 1 to 6 in the diagram for monel metal G-8. 

If the relatively high position of point 6 is due en- 
tirely to such accentuated oscillation, the basic curves 
(for 0.001- and 0.003-percent proof stresses) may de- 
scend at a decreasing rate throughout the entire extent 
to the beginning of local contraction. In order to 
determine whether the basic curve has this form or has 
an abrupt rise to a maximum following the initial 
descent, it would be necessary to determine a series of 
points with long prior rest intervals The initial 
descent of the lower three basic curves, however, is 
well established. 

The initial trend of the lower three curves for metal 
G-8 is opposite to the initial trend .of the corresponding 
curves for metal G. Annealing monel metal for relief 
of internal stress, like annealing for complete softening, 
evidently causes the initial trend of the lower proof 
stress-extension curves to be opposite to the initial 
trend of the curves for unannealed, work-hardened 
monel metal. 



Comparison of initial proof stresses in the diagrams 
for metals G and G-8 (fig. 10) shows that annealing for 
relief of internal stress has increased the initial 0.001-, 
0.003-, and 0.01-percent proof stresses but has de- 
creased the 0.03- and the 0.1-percent proof stresses. 
Annealing for relief of internal stress although it has 
slightly decreased the yield stress and (tensile strength), 
therefore, has considerably increased the elastic strength. 

THE FACTORS INVOLVED IN THE FORM OF THE PROOF STRESS- 
EXTENSION CURVE 

The form of the curve of variation of proof stress with 
prior plastic extension depends largely on two factors, 
work-hardening and relief of internal stress. 2 Work- 
hardening is the principal cause of the continuous ascent 
of the curves for 0.03- and 0.1-percent proof stresses. 
The wave-like form of the basic curves (especially the 
curves for 0.001-, 0.003-, and 0.01-proof stresses), the 
superposed oscillations, and the tendency to recoil and 
rebound from high and low points may be attributed 
largely to variations of internal stress. Tensile internal 
stress tends to lower the proof stresses, especially the 
proof stresses corresponding to very small amounts of 
permanent set. Relief of internal stress, either by 
annealing or by mechanical treatment, tends to elevate 
the proof stresses. Alternate increase and partial 
relief of internal stress, during the stages of plastic 
extension, therefore, would cause oscillations in the 
proof stress-extension curves. The oscillations in 
curves such as those in figures 2, 4, and 10, consequently, 
may be due to the opposite oscillations in the magnitude 
of the internal stress. At a minimum in such a curve, 
the internal stress probably reaches a temporary maxi- 
mum, at which the stress is partly relieved by local flow 
in regions of highest tensile stress. This relief of internal 
stress proceeds until a minimum is reached (at a maxi- 
mum in the proof stress-extension curve) at which the 
stress again begins to build up. 

Such variations of internal stress would be influenced 
by the spacing of interspersed cycles such as those used 
in determining stress-set curves. They would also be 
influenced by variation of the rest interval and con- 
sequent variation in the amount of negative creep. The 
temporary upper limit of stress, at which relief by local 
flow begins, evidently would increase with the increase 
in hardness due to plastic extension. Thus, it is 
possible to account for the general increase of the range 
of oscillation of the proof -stress-extension curves with 
increase in the hardness of the metal. 

REASONS FOR THE DIFFERENCE IN INITIAL TREND OF THE PROOF- 
STRESS-EXTENSION CURVES FOR WORK-HARDENED AND AN- 
NEALED MONEL METAL 

The conclusions as to the influence of internal stress 
on the form of the proof-stress-extension curve are 

* The term "internal stress" in this report, as in the previous report, is used in the 
ordinary technical sense and has no reference to interatomic forces as affected by 
space-lattice irregularities. 
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supported by evidence based on the relationsliip 
between the diagrams for monel metal G and G-8 
(fig. 10). Comparison of these diagrams shows that 
annealing for relief of internal stress increases the initial 
proof stresses that may be considered indices of elastic 
strength and changes the initial trend of the corre- 
sponding proof-stress-extension curves from a rise to a 
descent. Tliis relationsliip suggests that the initial 
steep descent of the lower curves for monel metal G-8 
is due to restoration of internal stress. With slight 
plastic extension, the internal stress evidently in- 
creases to a temporary maximum and thus causes 
descent of the curves to n minimum. Similar reasoning 
suggests that increase of internal stress causes the 
initial descent of the curves for fully annealed monel 
metal (figs. 2 and 4). Slight plastic extension of fully 
annealed metal evidently causes increase of internal 
stress from zero. 

Another factor affecting the initial trend of the proof- 
stress-extension curve is work hardening. Work harden- 
ing tends to increase the proof stresses. When the first 
slight plastic extension causes increase of internal 
stress, the initial trend of the proof-stress-extension 
curve depends on the relative magnitude of the elevat- 
ing effect of the work hardening and the depressing 
effect of the increase of internal stress. When the rate 
of work hardening is high, the elevating effect may pre- 
dominate and cause the curve to rise. (An example of 
tins effect is given in section VII.) In the initial 
descent of the curves for annealed monel metal G-14, 
G-12, and G-8, however, the predominant factor is 
evidently the increase of internal stress. 

The initial rise of the (lower) curves for the unan- 
nealed, work -hardened metal G (fig. 10), however, 
cannot be attributed to predominance of the influence 
of work hardening. The rate of work hardening of this 
previously cold-worked metal would be much less than 
that of the fully annealed metal. The initial rise of the 
curves for work-hardened monel metal G, therefore, 
must be due to a decrease of internal stress caused by 
the plastic extension. The internal stress in the 
severely cold-drawn metal probably was so high that 
slight tensile extension caused relief of internal stress 
and thus caused the initial rise of the proof-stress- 
extension curves. 

The effect of slight tensile extension evidently depends 
on the magnitude of the initial internal stress. When 
the internal stress is zero or at a minimum, slight 
tensile extension causes the internal stress to increase. 
When the initial internal stress is high, slight plastic 
extension decreases the internal stress. These changes 
in internal stress cause opposite changes in the proof 
stresses based on small values of permanent set. 



COMPARISON OF STRESS-DEVIATION AND STRESS-SET CURVES 
FOR MONEL METAL 

An incomplete view of the elastic properties of a 
metal is obtained by considering only the relation 
between stress and the deformation that remains after 
the stress has been released. Consideration should 
be given also to the influence of stress on the accom- 
panying total strain and on the elastic strain. These 
relations are revealed by the stress-deviation curves 
for monel metal and by derived curves and indices. 

Stress-deviation curves for monel metal are shown in 
the upper rows of figures 1, 3, and 9. The value E A , 
given in each of these figures, is the assumed modulus 
used in obtaining the deviations, as described in section 
II. Each broken curve represents the influence of 
stress on total deviation. Each solid-line curve (in 
the upper row^s of figs. 1, 3, and 9) has been obtained 
from the corresponding broken-line curve by deducting 
values of permanent set obtained from the stress-set 
curve directly below. 

In the study of the influence of the extension spacing 
and the duration of the rest interval on the stress- 
deviation curve, it is of interest to observe whether 
such variations have similar or opposite effects on the 
slopes of the stress-deviation and stress-set curves. As 
discussed earlier in this section, the first stress-set 
curve of a pair, because of the influence of the extension 
spacing and of the variations of the rest interval, tends 
to be less steep than the second curve. Illustrations 
of this tendency are: Pair 19-20 of figure 1; pairs 
11-12, 13-14, and 15-16 of figure 3; pairs 3-4, 5-6, 
and 7-8 in the diagrams at the left of figure 9; and 
pairs 5-6, and 7-8 in the diagram at the right of figure 
9. The corrected stress-deviation curves of the same 
pairs, however, generally show the opposite relation- 
ship. This fact is illustrated by pair 19-20 of figure 1, 
pairs 13-14 and 15-16 of figure 3, and pairs 3-4 and 5-6 
in the diagram at the left of figure 9. In pair 11-12 
of figure 3 and in pair 7-8 of figure 9, the first and the 
second curve are about equally steep. The first curve 
of pair 5-6 at the right of figure 9 is less steep than the 
second. Although there is a general tendency for the 
first corrected stress-deviation curve of a pair to be 
steeper than the second, there are exceptions, just as 
there are exceptions to the general tendency for the 
first stress-set curve of a pair to be less steep than the 
second. Numerous examples of this opposite relation- 
ship between the slopes of the stress-deviation and 
stress-set curves of a pair will be found in diagrams 
yet to be considered. 

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS 
FOR MONEL METAL 

The corrected stress-deviation curves of figures 1, 
3, and 9, with few exceptions, show prominent curva- 
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ture from the origin. The exceptions are curves 1 to 4 
in figure 1, curve 1 of figure 3, and curve 1 in the dia- 
gram at the right of figure 9. No exceptions are found 
among the curves for cold-drawn, unannealed monel 
metal G. With the exceptions mentioned, the slope of 
each curve decreases continuously from the origin. 
This result evidently means that the modulus of elastic- 
ity decreases continuously with increase in stress. 

The secant modulus 3 given by the ratio of stress to 
elastic strain has been used in this report and in the 
previous report to study the variation of the modulus 
with stress and with prior plastic extension. 

Graphs of variation of the secant modulus of elastic- 
ity with stress have been derived from all the corrected 
stress-deviation curves in figures 1, 3, and 9 and are 
shown in figures 5, 7, and 11. The graphs are num- 
bered consecutively in each figure to correspond to the 
stress-deviation curves from which they are derived. 
Each stress-modulus line has been shifted to the right 
from the preceding line and has been given a separate 
abscissa scale. Abscissas, increasing from left to right, 
represent values of the secant modulus of elasticity. 
The scale of abscissas is indicated in each figure. 
Ordinates represent true stress, that is, stress based on 
the cross section at the beginning of determination of 
the curve. 

In the derivation of a stress-modulus line from a 
stress-deviation curve, values of the secant modulus 
were estimated for various points on the continuous 
stress-deviation curve. These points in figures 5, 7, 
and 11, therefore, represent not results of single experi- 
ments but selected points on the corresponding stress- 
deviation curves. 

The prior plastic extension corresponding to each 
stress-modulus line is indicated in the derived diagrams 
(figs. 6, 8, and 12). In these diagrams, abscissas repre- 
sent prior plastic extensions and ordinates represent 
indices derived from the stress-modulus lines. The 
experimental points in figures 6, 8, and 12 are numbered 
to correspond to the stress-modulus lines from which 
they are derived (figs. 5, 7, and 11). 

In the diagram for fully annealed monel metal G-14 
(fig. 5), stress-modulus lines 1 to 11 are curved from 
the origin. In the diagram for monel metal G-12 
(fig. 7), stress-modulus lines 1 to 10 are curved from the 
origin. All the other stress-modulus lines in these two 
figures are straight. The plastic extension at which 
the stress-modulus line becomes straight is about 10 
percent. In the diagrams for work-hardened monel 
metal G and G-8 (fig. 11), the stress-modulus lines are 
straight except at high stresses. The stress-modulus 
line for monel metal evidently tends to be practically 
straight when the prior plastic extension of the metal 



(whether by tensile extension or by cold drawing) is 
more than about 10 percent. 

In this respect, monel metal is similar to the 18:8 
chromium-nickel steels discussed n the previous report. 
The stress-modulus line for annealed 18:8 alloy was 
found to be straight when the prior plastic extension 
was more than about 12 percent. Unannealed cold- 
drawn 18:8 alloys (half-hard and hard) generally gave 
straight stress-modulus lines. 

THE INDICES OF VARIATION OF THE MODULUS OF ELASTICITY WITH 
STRESS FOR MONEL METAL 

The Young's modulus, or the modulus at zero stress 
(E'o), was determined by extrapolating the stress- 
modulus line to zero stress. When the stress-modulus 
line is straight, the variation of the secant modulus (E) 
with stress (S) may be represented, as in reference 1 by 

E=E 0 -kS (l) 

The constant k is the slope of the stress-modulus line. 
As stated in reference 1, however, it is sometimes more 
convenient to write equation (1) in the form 

E=E 0 (l-C 0 S), (2) 

where C 0 =k/E Q represents the stress coefficient 4 of the 
secant modulus. 

When the stress-modulus line is curved from the 
origin, as are some lines in figures 5 and 7, the stress 
coefficient of the modulus is not constant but varies 
with the stress. The variation of the modulus with 
stress then cannot be represented by C 0 alone. The 
curved stress-modulus lines may be represented approxi- 
mately by adding another term to equation (2) and 
thus obtaining 

E=E 0 [1- C 0 S( 1 + QS)]=E 0 (l - C 0 S- C'S 2 ) (3) 

where C' = QCo is an index of the curvature of the 
stress-modulus line. 

The second constant (C) is needed for use with 
monel metal that has been fully annealed and afterward 
not extended more than about 15 or 20 percent. For 
sufficiently work-hardened monel metal, the stress 
coefficient of the modulus of elasticity is practically 
constant and is represented by C Q . 

Values of C 0 are indicated (figs. 5, 7, and 11) by a 
number adjacent to each stress-modulus line. Values 
of C are also indicated for lines 9 and 10 of figure 5 
and for lines 1, 8, 9, and 10 of figure 7. (These values 
indicate the fractional change of the modulus per 
pound per square inch.) The value of E 0 for each stress- 
modulus line is indicated by the intersection of the line 
with the horizontal axis. 



3 It should be noted that this modulus differs from a frequently used "secant 
modulus" based on the variation to total strain with stress. 



< The index Co is expressed as fractional change ol the modulus per pound per 
square inch. In reference 1 this index is designated Ci. 
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THE INFLUENCE OF PRIOR PLASTIC EXTENSION FOR MONEL METAL 
ON THE MODULUS OF ELASTICITY AND ON ITS STRESS COEFFI- 
CIENTS 

The values of E 0 and C 0 given in figures 5, 7, and 11 
have been used in deriving diagrams of a different 
type in figures 6, 8, and 12. These derived diagrams 
represent the variation of the modulus of elasticity 
and its linear stress coefficient with prior plastic exten- 
sion. Abscissas represent percentages of prior plastic 
extension. Ordinate* of two of the curves represent 
values of the modulus of elasticity; the ordinate scale 
for these curves is at the left of each figure. Ordinates 
of the other curve represent values of the stress coeffi- 
cient of the modulus; the ordinate scale for this curve is 
at the right of each figure. 

The experimentally determined points in figures 6, 
8, and 12 have been numbered to correspond to the 
consecutively numbered stress-modulus lines in figures 
5, 7, and 11. Before the general trend of the curves in 
figures 6, 8, and 12 is considered, attention will be 
given to the abrupt oscillations (at pairs of experimen- 
tal points) due to the influence oi the extension spacing 
and of the variation of the rest interval. Except for 
monel metal G-8 (fig. 12), the oscillations in the curve 
for C 0 are qualitatively similar to the corresponding 
oscillations in the curve for E 0 . Each abrupt rise or 
drop in a curve for E Q is accompanied by a similar 
change in direction in the curve for C 0 . 

The abrupt oscillations in the curves for E Q and <",, 
(figs. 6, 8, and 12), however, are accompanied by oppo- 
site oscillations in the corresponding proof stress- 
extension curves (figs. 2, 4, and 10). This relationship 
is in accordance with the fact that the modulus-exten- 
sion curves are based on stress-deviation curves, where- 
as the proof-stress-extension curves are based on 
stress-set curves. It has been shown that a difference 
in steepness of the stress-deviation curves of a pair 
(due to the influence of the extension spacing and of 
the variations of the rest interval) is accompanied by 
the opposite difference in steepness of the corresponding 
stress-set curves. Examples of opposite variation of 
the modulus-extension curves and the proof-stress- 
extension curves may be found by comparing the pairs 
of experimental points listed below, with the corre- 
sponding pairs in figures 2, 4, and 10; pair 19-20 of 
figure 6; pairs 9-10, 13-14, and 15-16 of figure 8; pair 
5-6 in the diagram for monel metal G in figure 12; and 
pairs 5-6 and 7-8 in the diagram for monel G-8 in 
figure 12. Numerous examples of similar relationship 
mav he found by comparing diagrams of the same two 
types obtained with metals yet to be discussed. A 
similar relationship was also found for the 18:8 chro- 
mium-nickel steels discussed in the previous report. 

The magnitude of such oscillations, as shown in the 
previous report, is affected by the duration of the rest 
interval. Increase in the rest interval tends to de- 



crease the slope of the stress-set curve and to increase 
the initial slope (E Q ) and the curvature (C 0 ) of the 
corrected stress-strain curve. In this respect, the 
effect of increase of the rest interval is opposite to the 
effect of decrease of internal stress. Such an effect of 
the rest interval, therefore, evidently cannot be attrib- 
uted to negative creep, which generally occurs during 
rest after plastic extension. The effect of the rest 
interval apparently is some kind of softening effect. 
This softening effect, at least for a while, is greater than 
any beneficial effect of relief of internal stress by nega- 
tive creep. 

The variation of E 0 with prior plastic extension 
(figs. 6, 8, and 12) is represented by lines connecting 
the experimental points. These graphs give no dis- 
tinct impression of a general upward or downward 
trend ; with plastic extension of annealed monel metal 
to the beginning of local contraction (figs. 6 and 8), 
the modulus of elasticity remains nearly constant. 
The basic curves for annealed monel metal, however, 
probably follow the courses indicated approximately 
by the dotted lines. The basic curve for monel metal 
G-14 rises gradually to a maximum, at plastic extension 
of 10-15 percent, and then descends at a decreasing 
rate. The basic curve for monel metal G-12 rises 
rapidly to a maximum, at a plastic extension of 2-5 
percent, then descends at a decreasing rate, and finally 
reascends. The modulus-extension curves for annealed 
monel metal are very different from the curves for the 
18:8 chromium-nickel steels discussed in the previous 
report and also very different from the curves for 
other metals discussed in sections IV to VIII. As 
shown in section X, the course of these basic E 0 curves 
is due to the combined influence of three factors. 

The E 0 curves for work-hardened monel metal (fig. 
12) show no distinct evidence of upward or downward 
trend. Tensile extension of these specimens, which 
had already been severely cold-worked, would be ex- 
pected to cause very little change in the modulus of 
elasticity. 

The C 0 curves for annealed monel metal G-14 and 
G-12 (figs. 6 and 8) are similar in general trend. The 
trend is better indicated in figure 8 than in figure 6 
because of the more numerous experimental points 
obtained with metal G-12. Each curve starts at a 
very low value of Co and rises, with irregular oscilla- 
tions, until it reaches a maximum at prior plastic 
extension of about 10 percent. In the curve for metal 
G-12, the most rapid rise is within the first 3 percent of 
prior plastic extension. In the curve for metal G-14, 
if enough experimental points had been determined, 
the most rapid rise probably would begin at a prior 
plastic extension of a little more than 3 percent, as 
indicated by the curved broken line in figure 6. 

The highest point in each curve for Co (in figs. 6 and 
8) is the point at which the corresponding stress- 
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modulus line (figs. 5 and 7) changes from a curve to a 
straight line. The strongly curved stress-modulus 
lines 10 (figs. 5 and 7) give low points 10 in the modulus- 
extension curves of figures 6 and 8. The straight 
stress-modulus lines 12 in figures 5 and 7 give high 
points in the modulus-extension curves of figures 6 and 
8, respectively. 

Beyond the highest point in the C 0 curves (figs. 6 
and 8), each curve descends at a gradually decreasing 
rate and is still descending slightly at the beginning of 
local contraction. With further extension, by draw- 
ing or by rolling, the curve would be expected to be- 
come practically horizontal. This expectation is con- 
firmed by the horizontal course of the C 0 curve for 
severely cold-worked monel metal G (fig. 12). As 
would be expected, C 0 is lower for monel metal G than 
for annealed monel metal that has been extended to 
the beginning of local contraction (figs. 6 and 8). 
The evidence therefore indicates that plastic extension 
beyond the maximum in the Co curves tends to cause 
continuous descent at a decreasing rate. Reasons for 
the rise and descent of the Co curve are given in sec- 
tion X. 

Annealing work-hardened monel metal at 800° F. for 
relief of internal stress causes the C 0 curve to take a 
different course from that of the curve for unannealed 
metal G. The C 0 curve for monel metal G-8 (fig. 12) 
starts at a very low value of C 0 and rises continuously 
throughout the extent here shown (to the beginning 
of local contraction). The influence of internal stress 
and of other factors on the course of the Co curve is 
discussed in section X. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE CURVATURE 
OF THE STRESS-MODULUS LINE FOR MONEL METAL 

The rise and the descent of the C 0 curves for annealed 
monel metal (figs. 6 and 8) with plastic extension means 
that the slope of the stress-modulus line first decreases 
and then increases. Within the range of plastic ex- 
tension that causes the slope of the stress-modulus line 
to decrease, the line is curved. Consideration must 
now be given to the variation of this curvature with 
prior plastic extension. An index of the curvature of 
the stress-modulus line is C , the coefficient of the last 
term in equation (5). The variations of the curvature 
of the stress-modulus line for annealed monel metal 
are shown by the values of C obtained from the stress- 
modulus lines for monel metal G-14 and G-12 (figs. 
5 and 7) plotted as ordinates in figure 46, with abscissas 
representing prior plastic extensions. 

The quadratic stress coefficient (C) of the modulus 
was obtained directly from the stress-modulus curves 
in the following manner: Straight lines were drawn 
tangent to the curves at the zero values of stress. For 
some conveniently selected value of stress, which was 
the same for each curve of the series obtained with a 
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single specimen, the deviation of this line from the 
curve was measured. This deviation, divided by the 
product of E 0 and the stress squared, gave the value 
of C. 

The C curves in figure 46 start at low values of C 
and rise rapidly to a maximum, which is reached at a 
plastic extension of about 1 percent. The value of 
C at the maximum is many times the initial value. 
With further plastic extension, the curves have a gen- 
eral downward trend and disappear at plastic extension 
of about 10 percent. At this extension, the stress- 
modulus line becomes straight and Co reaches a maxi- 
mum (figs. 6 and 8). The C curves for annealed 
monel metal (fig. 46) show that plastic extension first 
increases and then decreases the curvature of the stress- 
modulus line. The reasons for this variation of C 0 
and C f are given in section X. 

THE FORM OF THE STRESS-DEVIATION CURVE FOR MONEL METAL 

These variations of C 0 and C with plastic extension 
are evidently due to variations in form of the stress- 
strain and the stress-deviation curves. The general 
equation for the stress-strain curve is derived from 
equation (3) 

e = S/E= S/E 0 ( 1 - <7 0 S- C'S 2 ) (4) 

where e is the total elastic strain. As the linear and 
quadratic correction terms are generally small compared 
with 1, equation (4) may be written 

e=(l!E 0 )(S+C 0 S 2 +C'S*) (5) 

The strain corresponding to the tangent to the stress- 
strain line at the origin is S/E 0 . The deviation (e d ) from 
this tangent is 

e d = e-S/E 0 =(\/E Q )(CoS>+C'S*) (6) 

When the stress-modulus line is straight, C f is zero and 
the last term of equation (6) disappears. The stress- 
deviation relationship corresponding to a straight 
stress-modulus line, therefore, is represented by 

e d = C 0 S 2 /E 0 (7) 

which is the equation for a quadratic parabola. When 
Co is zero, C 0 S 2 of equation (6) disappears. The stress- 
deviation line corresponding to this relationship is 
represented by 

e d =C'S*/E 0 (8) 

which is the equation for a cubic parabola. 

The stress-deviation curve for monel metal that has 
been plastically extended more than about 10 percent, 
therefore, is a quadratic parabola. The initial stress- 
modulus line obtained with monel metal G-12 (fig. 7) 
and stress-modulus lines 2 and 3 obtained with monel 
metal G-14 (fig. 5) are vertical at the origin, indicating 
that C 0 is zero. The corresponding stress-deviation 
curves are cubic parabolas. As C 0 for line 1 obtained 
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with monel metal G-14 is very small, the correspond- 
ing stress-deviation curve evidently approximates a 
cubic parabola. The other curved stress-modulus lines 
in figures 5 and 7 evidently are derived from stress- 
deviation curves that are cubics intermediate between 
a quadratic and a cubic parabola. 

THE SECANT MODULUS AT ANY STRESS 

The secant modulus at any stress may be calculated 
from corresponding values of E 0 and Co provided that 
the stress-modulus line is straight. When the stress- 
modulus line is curved, the modulus at a given stress 
may be calculated from E 0 by means of equation (5) 
if the values of both C 0 and C are known. The inter- 
mediate curves in figures 6, 8, and 12 represent the 
variations of the secant moduli corresponding to some 
arbitrarily selected stresses. In figures 6 and 8, curves 
#50 show the variation of the secant modulus corre- 
sponding to a tensile stress of 50,000 pounds per square 
inch. In figure 12, curve E^oo shows the variation of 
the modulus corresponding to a tensile stress of 100,000 
pounds per square inch. These curves have not been 
extended to the left of the point of change of the stress- 
modulus line from a curve to a straight line, This 
point of change is indicated by the change from a 
broken to a solid line in the curves of variation of 
E 0 and C 0 . Modulus values corresponding to stresses 
between zero and either 50,000 or 100,000 pounds per 
square inch can be estimated from these diagrams by 
interpolation. 

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-SET 
CURVES AND ON THE DERIVED PROOF STRESSES ON COLD-DRAWN 
MONEL METAL. 

The effect of annealing on the initial pair of stress- 
set curves obtained with cold-drawn monel metal is 
showTL in the diagram at the right of figure 3. The 
curves there shown are the initial pairs of curves ob- 
tained with the metal as received and after annealing 
at 800, 1,200, and 1,400° F. The stress-set curves are 
in t lie lower row. 

Annealing at 800° F for relief of internal stress has 
increased the steepness of both the first and the second 
curves, throughout the extent here shown. Annealing 
at either 1,200 or 1,400° F, for complete recrystalliza- 
tion, has greatly depressed both stress-set curves of the 
initial pair. The softening effect of the annealing at 
1,400° F evidently was somewhat greater than the 
softening effect of the annealing at 1,200° F. 

The effects of annealing on the proof stresses ob- 
tained by the first and the second loading are shown in 
the two diagrams for monel metal in figure 20. One 
of these diagrams, designated " first loading," represents 
proof stresses obtained from the initial stress-set curve 
after annealing at various temperatures. The diagram 



designated " second loading" represents results ob- 
tained from the second stress-set curve of each initial 
pair. Abscissas in these diagrams represent tempera- 
tures in degrees; ordinates represent proof stresses. 
Results obtained with unannealed, cold-drawn monel 
metal are plotted at an abscissa representing room 
temperature (70° F). The broken lines connecting 
corresponding points at abscissas 70° F and 800° F do 
not represent the actual variation of proof stresses with 
temperature. The actual variation is not linear. 

As illustrated by the diagram designated " first load- 
ing," annealing for relief of internal stress (at 800° F) 
has caused great improvement in the 0.001-, the 0.003-, 
and the 0.01-percent proof stresses. This annealing, 
however, has slightly decreased the 0.03-pcrcent proof 
stress and has considerably decreased the 0.1-percent 
proof stress. As illustrated by the diagram designated 
" second loading," annealing at 800° F has lowered all 
the proof stresses relative to the proof stresses obtained 
(by second loading) with the metal as received. The 
0. 003-percent proof stress and the 0.01-percent proof 
stress obtained by second loading with the metal 
annealed at 800° F, however, are greater than the 
corresponding proof stresses obtained by first loading 
with the metal as received. 

Annealing for the relief of internal stress, therefore, 
causes much improvement in the initial proof stresses 
that may be considered indices of elastic strength but 
causes some decrease in the initial proof stresses that 
may be considered indices of yield strength. On 
second loading, however, much of the improvement 
due to relief of internal stress by annealing evidently 
is lost. This relationship is in accordance with the 
previously discussed initial descent of the lower proof- 
stress-extension curves for monel metal (1-8. 

THE EFFECT OF ANNEALING ON THE MODULUS OF ELASTICITY AND 
ON ITS STRESS COEFFIENT FOR COLD-DRAWN MONEL METAL 

In the consideration of the effect of annealing on the 
modulus of elasticity and on its stress coefficient, atten- 
tion will be confined to results derived from initial 
stress-modulus curves. Results so obtained are shown 
in t h e d i agram at the left of figure 2 1 . 

The modulus at zero stress (E 0 ) evidently is little 
affected by annealing. No change has resulted from 
annealing (at 800° F) for relief of internal stress; a 
slight decrease has resulted from annealing for re- 
crystallization, at 1,200 and 1,400° F. The linear 
stress coefficient (Co) of the modulus, however, has 
been greatly decreased by annealing for relief of internal 
stress. Not much further change has been caused by 
annealing for recrystallization. The probable varia- 
tion of the quadratic stress coefficient C with annealing 
temperature is represented approximately by the broken 
curve. 
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IV. THE TENSILE ELASTIC PROPERTIES OF INCONEL 
AS AFFECTED BY PLASTIC DEFORMATION AND BY 
ANNEALING 

DESCRIPTION OF THE INCONEL 

The composition of the Inconel is given in table I. 
As the precentage of iron is small, the alloy may be 
classed as nonferroiis. This alloy, which is of the 
Nichrome type, has good resistance to plastic deforma- 
tion and to oxidation at elevated temperatures. As it is 
practically a single-phase alloy, its clastic strength 
depends chiefly on plastic deformation and only 
slightly on heat treatment. 

The alloy was supplied in the form of cold-drawn 
round rods, which had not been subsequently annealed. 
For investigation of the elastic properties, one specimen 
was tested as received, one specimen was annealed at 
at 850° F for relief of internal stress, and one speci- 
men was annealed at 1,750° F for complete recrystalli- 
zation. Details of the annealing treatment arc given 
in table III. These specimens were tested by the same 
methods that were used for monel metal. In discus- 
sing the results obtained with Inconel, attention will 
be directed first to the metal in a relatively soft condi- 
tion, after annealing at 1,750° F. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR FULLY 
ANNEALED INCONEL 

Correlated stress-deviation and stress-set curves ob- 
tained with fully annealed Inconel are shown in the 
diagram at the right of figure 13. All the curves in this 
diagram were obtained with a single specimen of In- 
conel, which had been annealed at 1,750° F. The 
curves were obtained consecutively, with intervening 
stages of prior plastic extension. Proof stresses derived 
from these curves are plotted in figure 14. 

Stress-set curves 1 and 2 (fig. 13) have about the same 
curvature. A very different relationship, however, 
exists between the curves of every other pair. The first 
curve of each of these pairs is less steep than the second. 
This difference in slope tends to increase with an in- 
crease in the prior plastic extension. The difference in 
slope between the stress-set curves of a pair causes an 
abrupt rise in the proof stress-extension curves. The 
influence of the extension spacing and of the variations 
of the rest interval evidently is qualitatively the same 
for Inconel as for monel metal. 

The oscillations, which are due to the influence of the 
exl ension spacing and the variations of the rest interval, 
are superposed on a basic curve of variation of proof 
stress with prior plastic extension. The form of this 
basic curve would be more clearly revealed if all the 
experimental points had been determined with long 
prior rest intervals. The superposed oscillations would 
thus have been minimized. r I 'he course of the basic 
curve in figure 6, however, can be qualitatively deter- 
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mined by tracing it through the low points of the super- 
posed oscillations. Point 1, based on the initial stress- 
set curve was obtained after a very long rest interval. 
The basic curve, therefore, should start from tins point 
and should pass through the other points that have been 
determined with a long rest interval. 

The basic curves for the 0.001-, 0.003-, and 0.01- 
percent proof stresses evidently descend rapidly and 
reach a minimum at slight plastic extension. The 
curves for the 0.03- and 0.1-percent proof stresses have 
slight initial downward trend. The minimum is at 
about point 7 in the curves for the 0.001- and 0.003- 
percent proof stresses, at about point 5 in the curve for 
the 0.01-percent proof stresses, and at point 2 in the 
curves for the 0.03- and 0.1-percent proof stresses. The 
extension at the minimum evidently tends to decrease 
with an increase in the value of the permanent set on 
which the proof stress is based. In this respect, the 
proof stress-extension curves for Inconel resemble the 
corresponding curves for annealed monel metal (figs. 2 
and 4). 

VVitli further plastic extension, the curve for the 
0.001 -percent proof stress has practically no general 
upward or downward trend. The other curves have a 
general upward trend. The superposed oscillations in 
the lower three etirves tend to increase in amplitude 
with prior plastic extension, 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-SET 
CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK- 
HARDENED INCONEL 

In the diagram at the left of figure 13 are stress-devia- 
tion and stress-set curves obtained with cold-drawn, 
unannealed Inconel L, The proof stresses derived from 
these st ress-set curves are plotted in a diagram in figure 
10, which shows the variation of the proof stresses with 
prior plastic extension. The stress-set curves in figure 
13 and the derived experimental points in figure 10. are 
correspondingly numbered. 

These experiments with unannealed work-hardened 
Inconel L were made before 6 the testing procedure was 
as fully developed as in the experiments described in 
the preceding portion of this report. The experimental 
points were not distributed in pairs. Moreover, no 
long rest intervals were provided (except the interval 
prior to determination of the initial stress-set curve). 
Most of the experimental points were obtained with a 
very short prior rest interval. 

The initial stress-set curve for Inconel L (fig. 13) is 
much less steep than curve 2. This relationship is 
revealed also by the relative heights of the correspond- 
ing points in the proof-stress-extension curves. In 
each of these curves point 2 is higher than point 1. 
Because of the absence of distinct pairs of experimental 

* The Inconel L tests were made 40 months before the experiments with anneale I 
Inconel (L-8.5 and L-17.5). 
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points, the influence of the extension spacing is less 
conspicuous in this diagram than in the previously con- 
sidered diagrams of this type. The influence of dura- 
tion of the rest interval, however, is clearly revealed. 
The two stress-set curves thai were obtained with a 
relatively long prior real interval (fig. 13) are much less 
Steep than the other curves, and the corresponding 
points in each of the lower three proof-stress-extension 
curves (fig. 10) are at depressions. 

The depression in each of these curves, however, is 
not due entirely to the influence of duration of the resl 
interval. The oscillations due to variations of the icst 
interval are superposed on a basic curve of variation of 
proof stress with prior plastic extension. The exact 
course of this basic curve could be determined only by 
experiments with all the rest intervals long. Nevert he- 
less, some conclusions can be drawn as to the probable 
course of this curve. Although points 2 and 3 were 
both obtained with short rest intervals, point 3 in each 
curve is higher than point 2; this difference in height is 
very great in the curves for 0.001 percent and 0.003 
percent proof stresses. This relationship appears to 
indicate that the initial rise in each of the curves as 
drawn is due largely to an initial rise in the basic curve. 
Similar reasoning leads to the conclusion that the second 
rise in the lower two curves as drawn is due largely to a. 
rise in the basic curve. The basic curves, therefore, 
probably are qualitatively similar to the curves as 
drawn. In the curves as drawn, however, the rise, 
descent, and reascent are accentuated by the differences 
in duration of the rest interval. The basic curve for 
cold-drawn unannealed Inconel L, therefore, probably 
is similar in form to the curve for cold-drawn un- 
annealed monel metal G (fig. 10). 

A specimen of work-hardened Inconel was annealed 
at 850° F. for relief of internal stress. The specimen 
was then extended by small stages, and stress-deviation 
and stress-set curves were obtained as usual. They aie 
shown in the diagram for Inconel L 8.5 in figure 13. 
A comparison of the initial stress-set curves for metals 
Li and L-8.5 shows that annealing for relief of internal 
stress has greatly increased the steepness of the stress- 
set curve. Proof stresses derived from these curves 
have been plotted in the diagram at the right of figure 
10, in which abscissas represent prior plastic extensions. 
The experimental points in this diagram are arranged in 
pairs. The first point of each pair was obtained with a 
long prior rest interval; the second point was obtained 
with a relatively short rest interval. As in previously 
described diagrams, the second point of each pair 
generally is higher than the first. The influence of 
duration of the rest interval and of the extension 
spacing, therefore, is qualitatively the same for this 
metal as for the metals previously described. 

The basic 0.001- and 0.003 -percent proof-stress 
curves, for Inconel that had been annealed for relief of 



internal stress, evidently have an initial rise to a maxi- 
mum, followed by abrupt descent. In this respect, 
these curves resemble the basic curves for unannealed 
monel metal G and unannealed Inconel L, rather than 
the curves for monel metal (G-8), which was annealed 
for relief of internal stress. This unexpected relation- 
ship possibly is due to incomplete relief of internal stress 
by the annealing at 850° F. Slight internal stress re- 
maining after this treatment would be reduced, rather 
than increased, by plastic extension, and thus would 
account for the initial rise of the proof-stress-extension 
curves. 

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS 
FOR INCONEL 

The corrected stress-deviation curves for Inconel, in 
the upper row of figure 13, are curved from the origin. 
The modulus of elasticity for Inconel as for monel metal, 
evidently tends to decrease with an increase of stress. 
From the corrected stress-deviation curves for Inconel 
have been derived curves of variation of the modulus of 
elasticity with stress (fig. 15). The curves are num- 
bered consecutively to correspond to the stress-devia- 
tion curves from which they are derived. The plastic 
extension prior to determination of each stress-modulus 
line may be found by reference to the correspondingly 
numbered points in the derived diagrams of figures 12 
and 10, which will be described later. 

In the diagram for fully annealed Inconel, in the 
lower row of figure 17, stress-modulus line 1 (as drawn) 
is straight and vertical. Not much importance, how- 
ever, should be assigned to the straightness of this line, 
because a slight change in either the uncorrected initial 
stress-deviation curve or the initial stress-set curve 
(fig. 13) would change the initial stress-modulus line 
(fig. 15) to a slightly curved line. Curved lines were 
obtained with fully annealed monel metal (figs. 5 and 
7) and with other annealed single-phase metals to be 
described later. 

Stress-modulus lines 2 to 6, inclusive, obtained with 
annealed Inconel (fig. 15), are curved from the origin. 
The curvature decreases from line 2 to line 6. Lines 
1 1 to 16, inclusive, are straight. For lines 7 to L0, in- 
clusive, the course of the ideal line is less clearly indi- 
cated. It may be that the curvature of these lines 
should decrease gradually in passing from curve 7 to 
curve 10. Not much error probably has been intro- 
duced, however, by drawing these lines straight. The 
evidence, therefore, indicates that prior plastic exten- 
sion of a few percent causes the stress-modulus line for 
annealed Inconel to become practically straight. As 
would be expected, consequently, the stress modulus 
lines for the more severely cold-worked Inconel L 
(fig. 15) are practically straight except in the upper 
part . 

The stress-modulus lines for work-hardened inconel 
1^-8.5 (fig. 15), which had been annealed for relief of 
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internal stress, are slightly curved. The slope of the 
initial line is much less than the slope of the initial 
stress-modulus line for unannealed Inconel L (in the 
same figure). The annealing, moreover, has decreased 
the value of E 0 . This relationship will be discussed 
later in connection with figure 21. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS 
OF ELASTICITY AND OF ITS STRESS-COEFFICIENTS FOR INCONEL 

The values of E 0 and C 0 , given in figure 7, have been 
used in deriving diagrams to represent the variation of 
the modulus of elasticity, and of its stress-coefficients, 
with prior plastic extension. The experimentally de- 
termined points in these diagrams (figs. 12, 10, and 40) 
have been numbered to correspond with the consecu- 
tively numbered stress-modulus lines (fig. 7). 

Before the general trend of the curves in figures 12 
and 10 is considered, attention will be given to the 
abrupt oscillations due to the influence of the extension 
spacing and of the variations of the rest interval. In 
the diagram for annealed Inconel (fig. 10), the abrupt 
oscillations of the C 0 curve are qualitatively similar to 
the oscillations of the K () curve. Each abrupt rise or 
drop in the curve for E 0 , at a pair of experimental points, 
is accompanied by a similar abrupt change in direction 
in the curve for Co. The correspondence in oscillations 
is less pronounced in the E 0 and C 0 curves for unan- 
nealed work-hardened Inconel L (fig. 12). This fact 
probably is due to the absence of distinct pairs of ex- 
perimental points, and hence, to the absence of a pro- 
nounced influence of extension spacing. 

A comparison should also be made between the mod- 
ulus-extension curves (fig. 10) and the proof stress- 
extension curves (fig. 14) obtained with annealed Inconel 
L-17.5. The abrupt oscillations at pairs of experimental 
points in the curves for E 0 and C 0 , with few exceptions, 
are accompanied by the opposite oscillations in the 
proof stress-extension curves. As previously mentioned 
in the discussion of monel metal, such a relationship is 
to be expected. No such correspondence in oscilla- 
tions, however, is found by comparison of the modulus- 
extension curves with the proof-stress-extension curves 
for work-hardened Inconel L (figs. 12 and 10, respec- 
tively). 

Consideration will now be given to the general trend 
of the E {) curve for annealed Inconel L 17.5 (fig. 10). 
The variation of E 0 with prior plastic extension is 
represented by the lines connecting the experimental 
points. The basic curve, as indicated by the dotted 
line representing its course, rises rapidly to a maximum 
and then descends at a, decreasing rate. The maximum 
in this curve is at the point of change of the stress- 
modulus line (fig. 15) from a curve to a straight line. 
The course of the modulus-extension curve depends on 
the interrelationship between three factors, to be dis- 
cussed in section X. 



The E 0 curve for unannealed work -hardened Inconel 
L (fig. 12) descends rapidly from the origin. The rate 
decreases rapidly, however, and the curve becomes 
practically horizontal at a prior plastic extension of 
about 2 percent. As the course of the curve beyond fche 
beginning of local contraction is always somewhat 
erratic, the slight rise of the curve beyond about 2 per- 
cent extension may not represent a rise of the basic 
curve. The E 0 curve for work-hardened Inconel differs 
greatly in form from the curve for work-hardened 
monel metal (fig. 12). The #0 curve for work-hard- 
ened Inconel L-8.5 (fig. 12), which was annealed for 
relief of internal stress, starts much lower than the 
curve for unannealed, work-hardened Inconel L, and 
descends much more slowly. The reasons for these 
forms of the E 0 curve are given in section X. 

The C 0 curve for annealed Inconel L-17.5 (fig. 16) 
starts at a very low value 6 of C 0 and rises rapidly to 
point 7. Beyond point 7 the curve descends, at first 
rapidly, but at a gradually decreasing rate, without 
any indication of a reascent. The highest point in the 
C 0 curve is the point at which the stress-modulus line 
(fig. 1 5) changes from a curve to a straight line. At this 
point, C / (the index of curvature of the stress-modulus 
line) becomes zero. The variation of C with plastic 
extension is shown in figure 46. With increase in the 
plastic extension from zero, C increases rapidly from 
a low value to a high maximum, then descends less 
rapidly, and reaches zero at about the same prior plastic 
extension at which Co reaches a maximum (fig. 16). 
The C curve for Inconel (fig. 46), therefore, is similar 
in this respect to the curves for annealed monel metal 
(in the same figure). 

In the diagram for unannealed work-hardened 
Inconel L (fig. 12), the basic C 0 curve descends con- 
tinuously at a decreasing rate. The reascent in fche 
curve as drawn in figure 12, for the reason given above, 
may not indicate a reascent in the basic curve. The 
basic C 0 curve probably is similar in form to the basic 
Eo curve. 

In the diagram for Inconel that has been annealed 
for relief of internal stress (L-8.5 of fig. 12), the Co curve 
starts at a very low value, and rises slowly. The trend 
of this curve, therefore, is similar to the trend of the C 0 
curve for monel metal G-8. As previously stated, the 
annealing of Inconel at 850° F may have left con- 
siderable internal stress. With plastic extension, the 
internal stress would at first tend to change very little. 
It is possible thus to account for the slowness of the 
ascent of the C 0 curve for metal L-8.5. 

As the stress-modulus lines for Inconel L-8.5 (fig. 15) 
are slightly curved, the stress-coefficient of the modulus 
is not constant, and only the initial rate of change of 

8 The C" curve for annealed Inconel (fig. 4f») probably should start, at a value of C 
greater than zero, comparable with the values of C at the origins of the curves for 
monel metal. This has been discussed previously. 
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the modulus with stress is represented by C 0 . The 
average rate of change between zero stress and 100,000 
pounds per square inch stress (designated Cioo) has 
been plotted in figure 12 to show tbe variation of this 
index with prior plastic extension. Tbe index evidently 
differs appreciably from C 0 . 

The slight curvature of the stress-jmodulus lines for 
Ineonel L-8.5 possibly is not unusual for a work- 
liardened metal that has been annealed for relief of 
internal stress. The decrease in C 0 caused by anneal- 
ing for relief of internal stress pos.sibly tends to be 
accompanied by an appearance of a slight curvature of 
the stress-modulus line. Tbe stress-modulus lines For 
annealed, work-hardened monel metal G-8 (fig. 11), 
however, are practically straight. 

The intermediate curves in the diagrams for Ineonel 
(figs. 12 and 16) represent the variations of the secant 
moduli corresponding to arbitrarily selected stresses. 
In figure 16, the E 50 curve shows the variation of the 
secant modulus corresponding to tensile stress of 50,000 
pounds per square inch. In figure 12 the K U)i) curve 
shows the variations of the secant modulus correspond- 
ing to a tensile, stress of 100,000 pounds per square inch. 
The curve for annealed Ineonel has not been extended to 
t he left of the point of change of the stress-modulus line 
from a curve to a straight line. 

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-SET 
CURVES AND ON THE DERIVED PROOF STRESSES FOR COLD- 
DRAWN INCONEL 

The effect of annealing on the initial pair of stress-set 
curves may be observed by comparing the first two 
curves of each of the three diagrams in figure 13. 
Annealing at 850° F for relief of internal stress evident I y 
has increased the steepness of both the first and second 
curves. The second curve obtained with Ineonel 
L-8.5 is only slightly less steep than the first. In this 
respect this metal differs from monel metal G-8, for 
which the second curve is considerably less steep than 
the first. This difference possibly is due to a difference 
in the degree of relief of internal stress. Annealing 
monel metal at 800° F is known to eliminate most of 
the internal stress. It is possible that somewhat more 
internal stress remains after annealing Ineonel at 850° F. 

The effect of annealing on the initial proof stresses, 
and on the proof stresses derived from the second stress- 
set curve of each initial pair, is shown in the two diagrams 
for Ineonel in figure 20. One of these diagrams, desig- 
nated 4 'first loading," represents proof stresses obtained 
from the initial stress-set curve at three temperatures. 
The other diagram, designated "second loading/' 
represents results obtained from the second stress-set 
curve of each initial pair. Abscissas in these diagrams 
represent annealing temperatures; ordiiiates represent 
proof stresses. Results obtained with unannealed, 
cold-drawn Ineonel are plotted at an abscissa repre- 
senting room temperature (70° F). The broken lines 



connecting corresponding points at abscissas 70° F 
and Sf)()° V do not represent the actual variation of 
proof stresses with temperature. The actual variation 
is not linear. 

As illustrated by the diagram designated "firsl 
loading," annealing for the relief of internal stress (at 
850° F) has caused great improvement in the 0.001- 
and 0.003-percent proof stresses, and has caused slight 
improvement in the 0.0 1-percent proof stress. This 
annealing, however, had no effect on the 0.03-percent 
proof stress and slightly lowered the 0.1-percent proof 
stress. As represented by the diagram designated 
"second loading," annealing at 850° F has greatly 
increased the 0.001- and 0.003-percent proof stresses, 
has slightly increased the 0.01-percent proof stress, and 
has slightly lowered the 0.03- and 0.1-percent proof 
stresses relative to the proof stresses obtained by second 
loading with the metal as received. Annealing for 
relief of internal Stress, therefore, causes much improve- 
ment in the (initial) proof stresses that may be con- 
sidered indices of elastic strength, but causes some 
decrease in the proof stress (0.1 percent) that maybe 
considered as an index of yield strength. The effect of 
annealing for relief of internal stress, on the initial proof 
stresses, is qualitatively the same for Ineonel as for 
monel metal (fig. 20). 

By means of these two diagrams for Ineonel, it is 
possible to compare the results of relief of internal 
stress due to annealing at 850° F with the results of 
relief of internal stress due to slight plastic extension. 
This relationship is revealed by comparing the heights 
of corresponding curves in the first-loading and second- 
loading diagrams, at abscissas representing 850° F 
and 70° F, respectively. This comparison show r s that 
the slight plastic extension during first loading caused 
about as much improvement in proof stresses as did 
the annealing at 850° F. The rise of the second- 
loading curves, between abscissas representing 70° F 
and 850° F, however, indicates that the slight plastic 
extension during the first loading did not remove all 
t he internal stress. 

THE EFFECT OF ANNEALING ON THE MODULUS OF ELASTICITY AND 
ON ITS STRESS COEFFICIENT FOR COLD-DRAWN INCONEL 

In considering the effect of annealing on the modulus 
of elasticity, and on its stress coefficient, attention, will 
be confined to results derived from initial stress- 
modulus lines. Results so obtained are shown in the 
diagram at the right of figure 21. 

The initial modulus at zero stress (E 0 ) evidently is 
decreased by annealing at Xf>0° F, and it is still further 
decreased by annealing at 1,750° F. The modulus of 
severely cold-worked Ineonel L, therefore, is lowered 
by annealing. This evidence alone might appear to 
imply that the modulus (for Ineonel) is always in- 
creased by cold work. As shown, in figures 12 and L6, 
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however, cold work under some conditions may decrease 
the modulus. Fully annealed Inconcl (fig. 16) when 
plastically extended, shows a rapid increase of 7i7 0 until 
the prior plastic extension reaches about 1.9 percent. 
With further plastic extension, E 0 decreases. Un- 
annealed, cold-drawn Inconcl (fig. 12), however, shows 
a i apid decrease of E 0 with prior plastic extension. The 
complex variation of the modulus of elasticity with 
plastic deformation and with annealing evidently is 
due to the operation of more than one factor. These 
factors arc discussed in section X. 

The linear stress-coefficient (Co) of the modulus evi- 
dently is greatly decreased by annealing for relief of 
internal stress. Further decrease is caused by anneal- 
ing for recrystailization. The effects of annealing on 
C 0 and E 0 therefore, are qualitatively similar. The Co 
curve for Inconcl is similar to the C 0 curve for monel 
metal (fig. 12), but the E 0 curve for Inconcl differs 
greatly from the E 0 curve for monel metal. 

V. THE TENSILE ELASTIC PROPERTIES OF ALUMINUM- 
MONEL METAL AS AFFECTED BY PLASTIC DEFOR- 
MATION AND BY HEAT TREATMENT 

DESCRIPTION OF THE ALUMINUM-MONEL METAL 

Aluminum-monel metal, unlike monel metal and 
Inconel, may have its strength greatly increased by heat 
treatment. Heating to 1,450° F or higher gives a 
solid solution consisting of a single phase. Rapid 
cooling from this temperature preserves this single 
solid solution practically unchanged. In this condi- 
tion the metal is relatively soft and is easily workable; 
it probably differs little in properties from ordinary 
annealed monel metal. Reheating to 1,000-1,100° F, 
however, causes a precipitation of a second microcon- 
stituenl in finely divided form, and thus causes great 
increase in hardness. 

The aluminum-monel metal supplied for this investi- 
gation was in two different conditions. Both samples 
probably had been heated to about 1,450° F and 
rapidly cooled; both samples had then been cold drawn. 
One of the samples (J) had then been reheated, probably 
to 1,000-1,100° F; the other sample (H) had not been 
reheated. Sample (H), as shown in table II, is some- 
what softer than the severely cold-drawn monel metal 
(i; the other sample (J) is much harder. The tensile 
strengths of metals H, G, and J are 11 0,900, 125,700, 
and 164,150 pounds per square inch, respectively. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK- 
HARDENED ALUMINUM-MONEL METAL H 

Stress-deviation and stress-set curves obtained with 
aluminum-monel metal are shown in figure 17. The 
proof stresses derived from the stress-set curves are 
plotted as ordinates in figure 18, with the corresponding 
prior plastic extensions as abscissas. In the diagram 



at the left of each of these figures are curves obtained 
with work-hardened aluminum-monel metal (11). 

The in tit aJ stress-set curve for monel metal II is much 
less steep than the second stress-set curve. Tins 
relationship is similar to that found for unannealed, 
work-hardened monel metal (G) and Inconel (L). As 
the experiments with aluminum-monel metal were 
made before the test procedure had been fully de- 
veloped, all the curves but one were obtained with 
short prior-rest intervals. The experimental points in 
each stress-set curve, moreover, are too few to show 
more than qualitative relationships between the curves 
of this series. The one curve obtained with a rela- 
tively long prior-rest interval, however, is less steep 
than the following curve. The influence of duration of 
the rest interval, therefore, is qualitatively the same for 
aluminum-monel metal as for the ordinary monel metal 
and Inconel. 

The intervals of plastic extension between the de- 
terminations of stress-set curves, as shown in the 
diagram at the left of figure 18, are of approximately 
the same length, instead of being alternately long and 
short as they are in all but one of the previously dis- 
cussed diagrams of this type. The wide oscillations due 
to the combinations of extension spacing and rest 
intervals used in the previous tests, therefore, are not 
found in the curves for this material. 

The initial trend of each of the basic curves (fig. 18) 
evidently is upward. The curves for the 0.001-, 0.003-, 
and 0.01-percent proof stresses then descend to a mini- 
mum at small plastic extension (point o). The second 
minimum, at point 8, probably is due to the influence 
of the relatively long prior-rest interval. The basic 
curves for the 0.001- and 0.003-percent proof stresses 
probably consist of an initial rise and descent, followed 
by a reascent, at least to the beginning of local con- 
traction. This basic curve thus resembles the curve 
for the work-hardened alloys previously discussed, 
monel metal (i and Inconel L (fig. 10). The initial 
rise and descent of the curves for the 0.001- and 0.003- 
percent proof stresses, however, is much less steep for 
aluminum-monel metal H than for monel metal (1 or 
Inconel L. This difference may be due to the fact that 
the stress-set curves for aluminum-monel metal (as 
previously stated) are based on too few experimental 
points. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR HEAT- 
TREATED ALUMINUM-MONEL METAL J 

Stress-set curves for heat-treated aluminum -monel 
metal J are shown in the diagram at the right of figure 
17. (No stress-deviation curves were obtained with 
this heat-treated alloy.) The proof stresses derived 
from these stress-set curves are plotted as ordinates in 
the diagram at the right of figure 18, with prior plastic 
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extensions as abscissas. This alloy had been heat- 
treated by the manufacturers. The temperature of 
reheating, as previously stated, generally ranges from 
1 ,000 to 1 , 1 00° F. At this temperature, the strengthen- 
ing effect of previous cold work is not entirely elim- 
inated, and the alloy is further strengthened by the 
precipitation of a finely divided microconstituent. 

The initial stress-set curve is steeper than the second 
curve. In this respect, the heat-treated alloy J differs 
from the work-hardened alloy H; it is similar to fully 
annealed monel metal (G-12 and G-14), to annealed 
Inconel (L-17.5), and to work-hardened monel metal 
and Inconel that have been annealed for the relief of 
internal stress (G-8 and L-8.5). The reheating treat- 
ment of aluminum-monel metal (at 1,000-1,100° F) 
apparently has removed most of the internal stress 
due to the previous cold work. A difference in the in- 
ternal stress would account for the difference between 
metals H and J with respect to the relative steepness 
of the stress-set curves of the first pair. 

As shown in figure 18, the experimental points and 
the stress-set curves from which they are derived, are 
distributed in pairs, separated by relatively long 
intervals of prior plastic extension. The first stress- 
set curve of each pair was determined after a relatively 
long rest interval; the second stress-set curve was deter- 
mined after a very short rest interval. The influence 
of the extension spacing and of the duration of the rest 
interval has caused the first stress-set curve of each pair 
(fig. 17), with the exception of the first pair, to be much 
less steep than the second curve. In figure 18, conse- 
quently, the second experimental point of each pair 
except the first pair is higher than the first. This differ- 
ence in height of the experimental points of a pair 
increases with the prior plastic extension. The rela- 
tively great difference between the rest intervals for 
the points of each pair has caused the abrupt rises of 
the curves to be generally greater in figure 18 than in 
most of the previously discussed diagrams of tins type. 

In spite of the short rest interval prior to point 2, in 
the diagram for the metal J in figure 18, the curves for 
the 0.001- and 0. 003-percent proof stresses show an 
initial rapid descent. This rapid descent doubtless is 
the initial trend of the basic curve. The qualitative 
course of the basic curve may be traced through the 
experimental points representing long rest intervals. 
The first minimum in this curve is reached at small 
plastic extension, probably less than 1 percent. The 
curve then rises, and attains a maximum. The basic 
curves for the 0.001- and 0.003-percent proof stresses 
show practically no continued upward trend. The 
basic curve for the 0.01-percent proof stress also shows 
an initial descent to a minimum. The 0.03- and 0.1- 
percent proof stress curves, however, show no initial 
descent, but have a general upward trend at a gradually 
decreasing rate. 



The basic curves for heat treated aluminum-monel 
metal, therefore, are qualitatively similar to the basic 
curves obtained with the monel metal and Inconel that 
have been either fully annealed or annealed for the 
relief of internal st ress. 

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS 
FOR ALUMINUM-MONEL METAL 

Because no stress-deviation curves were obtained 
with heat treated aluminum-monel {J) % no information 
has as yet been obtained about the modulus of elasticity 
of tins alloy. Stress-deviation curves, however, were 
obtained with the work-hardened aluminum-monel 
metal (H). These curves are shown in the upper row 
of the diagram at the left of figure 4 17. From these 
stress-deviation curves have been derived curves of 
variation of the modulus of elasticity with stress. 
These curves are shown in the lower diagram of figme 7. 

The vertical direction of the initial stress-modulus line 
(fig. 7) cannot be accepted without additional evidence. 
This line is based on only three points in figure 17. All 
of the other stress-modulus lines for aluminum-monel 
metal H (fig. 7) are sloping and straight except near 
the upper end. In this respect they are similar to the 
stress-modulus lines obtained with the previously 
described cold-worked metals G and L (figs. 1 1 and 15). 
As shown in section III, a straight, sloping stress- 
modulus line is obtained when the stress-deviation line 
is a quadratic parabola. Tins line is the characteristic 
stress-deviation line for cold-worked monel metal and 
Inconel. Moreover, the sloping stress-modulus line 
has been shown (reference 1) to be the characteristic 
stress-deviation line for cold-worked 18:8 alloy. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS 
OF ELASTICITY AND OF ITS STRESS COEFFICIENTS FOR ALUMI- 
NUM-MONEL METAL H 

In figure 19, values of E Q and Co, derived from the 
stress-modulus lines in figure 7, are plotted as ordinates, 
and the corresponding prior plastic extensions are 
plotted as abscissas. The experimentally determined 
points in figure 19 have been numbered to correspond 
to the consecutively numbered stress-modulus lines in 
figure 7. 

In previously described diagrams of this type (figs. 
6, 8, 12, and 16), oscillations in the E 0 curve generally 
are accompanied by similar oscillations in the C 0 
curve. Because of the absence of distinct pairs of 
experimental points in the curves of figure 19, however, 
such a relationship does not appear in this figure. 

The E 0 curve shows no distinct evidence of either 
upward or downward trend; the oscillations are within 
a very narrow range. In this respect, as would be 
expected, the E 0 curve for cold-worked aluminum- 
monel metal H resembles the curve for cold-worked 
monel metal G (fig. 12). 
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The Co curve (fig. 19), as drawn, rises abruptly from 
zero. As previously shown, however, the initial value 
of Co is based on the probably incorrect vertical direction 
of the initial stress modulus line (fig. 7); the initial 
value possibly should be much greater. The C 0 curve, 
moreover, would be expected to oscillate within a 
narrow range, as does C 0 curve for cold-worked monel 
metal G (fig. 12). 

VI. THE TENSILE ELASTIC PROPERTIES OF 18:8 
CHROMIUM-NIC KEL STEEL AS AFFECTED BY PLASTIC 
DEFORMATION AND BY ANNEALING 

DESCRIPTION OF THE 18:8 CHROMIUM-NICKEL STEEL 

The. previous report considered the elastic properties 
of 18:8 chromium-nickel steel as affected by plastic 
(1 ('formation. Consideration will now be given to the 
elastic properties of this alloy as affected by annealing, 
especially annealing for the relief of internal stress. 
Further consideration will then be given to the influence 
of plastic deformation. 

The 18:8 alloy used in this continued investigation 
was supplied in two different degrees of hardness, 
designated "half-hard" and "hard." The different 
degrees of hardness are due to different amounts of 
eold drawing. Both the half-hard metal (DM) and 
the hard metal (DH) are from the same heat. The 
composition is given in table I. 

Specimens of half-hard and hard metal were tested 
as received. Other specimens, before testing, were 
"annealed'' for complete reerystallization and soften- 
ing. For complete recrystallization, it is necessary to 
heat this alloy only to about 1,200° F. For the com- 
plete solution of any precipitated carbides, however, 
it is necessary to heat the alloy to about 1,800° F. 
Rapid cooling from this temperature prevents repre- 
cipitation of the carbides and the alloy is in its softest 
condition. The softening t rent men t act ually given 
consisted in heating to 1,830° F and in quenching in 
water. Other specimens were annealed at various 
temperatures to obtain various degrees of relief of 
internal stress. Details of these treatments are given 
in table III. 

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS-SET 
CURVES AND ON THE DERIVED PROOF STRESSES FOR 18:8 
CHROMIUM-NICKEL STEEL 

The specimens as received and after annealing at 
various temperatures were subjected to tension tests 
to obtain correlated stress-deviation and stress-set 
curves. The initial pair of each of these types of curve 
was obtained with every specimen. A few of the 
annealed specimens were extended, by numerous small 
stages, to the beginning of local contraction, and corre- 
lated stress-deviation and stress-set curves were de- 
termined after each stage of extension. In the study 
of the influence of annealing on elastic strength, how- 



ever, attention will be confined to the initial pair of 
stress-set curves and to the derived proof stresses. 

The stress-set curves (and the stress-deviation curves) 
of each initial pair have been determined (as usual) 
with practically no intervening plastic extension. Pairs 
of stress-set curves obtained with the specimens as 
received and after annealing at various temperatures 
are shown in the lower row of figure 22; corresponding 
pairs of stress-deviation curves are shown in the upper 
row. In the diagrams at the left and right of figure 
22 are results obtained with half-hard metal DM and 
with hard metal DH, respectively. The duration of 
the anneal, uidess otherwise indicated, was 30 minutes. 

Before the influence of annealing temperature on 
either the first or the second stress-set curve is con- 
sidered, a comparison will be made between the first 
and second stress-set curves of each pah*. In each 
diagram of figure 22, the second stress-set curve of 
each pair is steeper than the first. This difference in 
steepness is greatest for the initial pair of stress-set 
curves, for both DM and DH, and tends to decrease 
with increase in the annealing temperature, at least up 
to 900° F. These differences in steepness also are 
greater for the hard metal than for the half-hard metal. 
The difference in steepness between the first and 
second stress-set curves is qualitatively the same for 
this work-hardened 18:8 alloy as received as it is for 
the work-hardened monel metal G (fig. 9), the work- 
hardened Lnconel L (fig. 13), and the work-hardened 
aluminum-monel metal H (fig. 17). 

The influence of the annealing temperature on either 
the first or the second stress-set curve may be seen in 
the lower row of curves in figure 22. The first stress- 
set curve becomes steeper with an increase in the 
annealing temperature to 900° F; with a further in- 
crease in the annealing temperature to 1,830° F, the 
curve becomes much less steep. The second stress-set 
curve becomes steeper with an increase in the annealing 
temperature to 700° F; with a further increase in the 
annealing temperature to 900° F the curve becomes 
slightly less steep throughout the extent here shown. 
If the curves are compared throughout a wider range 
of stress, how r ever, very little difference is found be- 
tween the (second loading) curves obtained after an- 
nealing at 700° F and then at 900° F. With a further 
increase in the annealing temperature to 1,830° F, the 
curves become much less steep. These variations are 
qualitatively the same for half-hard and hard metal. 

The variations of the proof stresses with annealing 
temperature are shown in the four diagrams of figure 23. 
The diagrams designated "first loading 1 ' and "second 
loading" art 4 derived from the first and second curves, 
respectively, of the pairs of curves in the lower row of 
figure 22. Ordinates in these diagrams represent proof 
stresses, and abscissas represent annealing tempera- 
tures. An abscissa of 70° F is used to represent results 
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obtained with specimens as received. All the experi- 
mental points at 1,830° F were obtained with a speci- 
men of initially half-hard material DM. Because 
almost the same proof stresses would be obtained by 
annealing either initially half-hard or hard material at 
1,830° F, the experimental points obtained with the 
half-hard material DM have been plotted in both the 
upper and lower diagrams of figure 23. 

All the curves in the diagrams representing first load- 
ing, and most of the curves in the diagrams representing 
second loading, rise to a maximum at an annealing 
temperature of 900°-950° F, and then descend at a 
decreasing rate. The initial rise is generally greater in 
a curve representing first loading than in the correspond- 
ing curve representing second loading. In the diagram 
representing first loading of half-hard metal DM, each 
curve rises (from 70° F) first at an increasing, then at a 
decreasing rate. In the corresponding diagram for hard 
metal DH, the curves for the 0.001-, 0.003-, and 0.01 
percent proof stresses have a slight initial descent. 
This initial descent may be due to unavoidable inaccu- 
racies in measurement. These curves possibly should 
be nearly horizontal up to an annealing temperature of 
about f)00°. Additional experiments would be required 
to determine whether the steep rise of the curves with 
an increase in annealing temperature above 500° F is 
characteristic of a severely work-hardened 18:8 alloy. 

In the second-loading diagram for half-hard material, 
there is no evidence of any important rise of the curves 
of variation of the 0.001-, 0.003-, and the 0.01-percent 
proof stresses. Because of the wide scatter of experi- 
mental points of the lower two curves, the evidence for 
the indicated initial descent of these curves must be 
considered inconclusive. The curves for the 0.03- and 
the 0.10-pcrcent proof stresses rise considerably through- 
out this range of temperature. Annealing this half- 
hard metal for relief of internal stress, therefore, evi- 
dently causes no important improvement in the proof 
stresses that may be viewed as indices of elastic strength 
(on second loading). Such annealing, however, evi- 
dently does cause some improvement in the proof 
-i resses that may he viewed as indices of yield s1 rength. 

In the second loading diagram for hard metal DH, 
the curves for the 0.003- and the 0.01-percent proof 
stresses rise considerably with an increase in the anneal- 
ing temperature from 70° F to about 700° F. This 
rise suggests that there should be a similar important 
rise in the less accurately determinable curve for the 
0.001-percent proof stress. The curve for the 0.03- 
percent proof stress also rises with an increase in the 
annealing temperature, probably to 800° or 900° F. 
No clear evidence of a general upward trend, however, 
is found in the curve for the 0.1 -percent proof stress. 
Annealing this hard metal for relief of internal stress 
evidently causes some improvement in the proof 
stresses that may be viewed as indices of elastic strength 



(on second loading), but causes practically no improve- 
ment in the proof stress (0.1 -percent) that may be 
viewed as an index of yield si rengl \\. 

RELIEF OF INTERNAL STRESS BY PLASTIC EXTENSION AND BY 
ANNEALING 

The rise in the proof-stress curves with an increase of 
the annealing temperature from 70° F to 900° F 
probably is due chiefly to relief of internal stress. 
This diminution of the internal stress probably is 
caused by local creep of the metal in the regions where 1 
the stress is greatest. Annealing at temperatures as 
low as 500° F evidently caused important relief of 
the internal stress in the half-hard metal DM. In the 
ha id metal DH, relief of the internal stress evidently 
is slight at temperatures below about 750° or 800° F. 
In both the half-hard and the hard metals, the maxi- 
mum relief of internal stress probably is caused by 
annealing at 900° to 950° F. 

Some manufacturers of stainless steel have advocated 
annealing at a temperature of 390° to 570° F for about 
36 hours. It has been thought that the long time at 
this relatively low temperature would have much of 
the beneficial efTects that are caused by annealing at 
900° F. In order to investigate the possibilities of this 
suggested heat treatment, specimens of metals DM 
and DH were heated at 482° F for 44 hours. The 
results are represented by the stress-deviation and 
stress-set curves in figure 22 and by the indicated 
experimental points in figure 23. The results show that 
the long time at this temperature has caused little 
increase of the proof stresses above the values obtained 
by annealing at the same temperature for 30 minutes. 

A comparison of the corresponding second-loading 
and first-loading diagrams throws some light on the 
interrelationship between the relief of internal stress 
by annealing and the relief of internal stress by slight 
plastic extension. At an abscissa representing 70° F 
each curve for second loading is much higher than the 
corresponding curve for fust loading. The slight plastic 
extension in determining the initial stress-set curve 
has, therefore, greatly increased the proof stresses. 
Similar elevation of proof stresses by slight plastic 
extension has been found with work-hardened monel 
metal and with work -hardened 1 neon el (fig. 20). The 
effect of the slight plastic extension of these metals, 
as shown in figures 20 and 23, is qualitatively similar 
to the effect of annealing for the relief of internal stress. 

A part of the elevation of the proof stresses caused 
by the slight plastic extension is due to work-hardening; 
a part is also due to the influence of the duration of the 
rest interval. The second-loading curves in this figure 
were obtained after a rest interval of 31 to 37 minutes, 
whereas the initial curves were obtained long after 
the cold drawing and generally weeks after the machin- 
ing. Tins difference in the duration of the rest interval 
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is responsible for some of the difference in height 
between the first-loading and second-loading curves. 
Nevertheless, much of this difference in height would 
be found (as shown in the previous report) even if the 
rest intervals prior to both the first and second loading 
were long. 

The second-loading curves at an abscissa (70° F) 
representing unannealed material generally differ little 
in height from the first-loading curves at an abscissa 
(900° F) representing maximum relief of internal stress 
by annealing. This relationship (with due allowance 
for the previously mentioned influence of the duration 
of the rest interval) suggests that the slight plastic 
extension required for determining the initial stress-se1 
curve has relieved most of the internal stress in the 
unannealed metal. The rise in most of the second- 
loading curves with an increase in the annealing tem- 
perature from 70° F to 900° F apparently indicates 
that this extension has not removed all of the internal 
stress, especially in the hard metal DH. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE DERIVED 
PROOF STRESSES FOR FULLY ANNEALED 18 : 8 CHROMIUM-NICKEL 
STEEL 

A specimen of the initially half-hard metal DM, which 
had been given a softening treatment at 1,830° F and 
had then been used in obtaining the experimental points 
at an abscissa representing 1,830° F in figure 23, was 
extended further by numerous small stages. After 
each of these stages, correlated stress-deviation and 
stress-set curves were determined. Because the forms 
of such curves for 18 : 8 alloy steels have been thor- 
oughly illustrated in the previous report, these curves are 
not shown in this report. The derived proof stresses, 
however, have been used in studying the variation of 
these proof stresses with prior plastic extension. This 
relationship is shown in figure 24. 

The experimental points in this diagram are distrib- 
uted in pairs. The first three pairs are separated by 
relatively short intervals of plastic extension; the other 
pairs are separated by relatively long intervals. The 
influence of the extension spacing and of the duration of 
the rest interval causes an abrupt rise in the curves 
between the first and second experimental points of 
each pair. The relatively large rises at pairs 11-12, 
19-20, and 23-24 evidently are due to the very short 
rest intervals before the determination of the second 
experimental points of these pairs. The rise in the 
curve at a pair of experimental points also tends to 
increase with an increase in the total plastic extension. 
In these respects, therefore, the 18 : 8 alloy is qualita- 
tively similar to monel metal, Inconel, and aluminum- 
monel metal. 

The oscillations due to the combined influence of the 
extension spacing and the duration of the rest interval 
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are superposed on a basic curve of variation of proof 
stress with prior plastic extension. The form of the 
basic curve may be determined approximately by as- 
suming that the curve starts at the indicated origin 
and traverses the low points of the superposed oscil- 
lations. (The assumption that the basic curve follows 
approximately the low points of the oscillations would 
give a qualitatively correct form, but not a correct 
position. For a correct position, the basic curve 
probably should traverse more nearly the midpoints of 
the oscillations.) The basic curves for the 0.001- and 
0.003-percent proof stresses have an initial upward 
trend from the origin to point 7, at a prior plastic 
extension of about 2 percent. The trend is then re- 
versed, and the curves descend to a minimum at 
point 13, at a prior plastic extension of about 16 percent. 
With further plastic extension, oscillations of the basic 
curve continue, with no general upward trend in the 
curve for the 0.001-percent proof stress, but with a 
slight upward trend in the curve for the 0.003 percent 
proof stress. The basic curves for the 0.01-, 0.03-, and 
0.1-percent proof stresses evidently rise from the origin, 
at a gradually decreasing rate. 

The initial rapid rise and descent of the 0.001- and 
0.003 -percent proof-stress curves for fully annealed 
18:8 chromium-nickel steel is similar to the course of 
the curves for the annealed 18:8 alloy steel 2A-1 
considered in reference 1. The initial course of these 
curves, however, is very different from the course of 
the proof stress-extension curves for the other fully 
annealed alloys that have been discussed in this report. 
All the proof stress-extension curves for fully annealed 
monel metal (figs. 2 and 4), and the lower three curves 
for Inconel (fig. 14), have an initial rapid descent to a 
minimum. wSimilar descent is found in the lower 
three curves for heat-treated aluminum-monel metal 
J (fig. 18). 

The fully annealed monel metal G-12 and G-14, the 
fully annealed Inconel L-17.5, and the heat-treated 
aluminum-monel metal J probably were initially free 
from internal stress. The initial descent of the proof- 
stress-extension curves for these metals (figs. 2, 4, 14, 
and 18), therefore, probably is due to the predominant 
influence of increase of internal stress. As the annealed 
18:8 alloy DM-18.3 also probably was initially free 
from internal stress, the initial rise of the proof-stress 
curves could not be due to relief of internal stress. 
The descent following the initial rise, however, must 
be due to an increase of internal stress. This relation- 
ship suggests that the internal stress increased con- 
tinuously throughout the initial rise and descent of the 
basic curves, but that the depressing influence of the 
increasing internal stress was overcome at first by the 
elevating influence of work-hardening. Eventually, 
the influence of the increasing internal stress predomi- 
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nated over the influence of the work-hardening, thus 
causing the proof-stress curves to descend. 

The initial trend of a proof-stress-extension curve 
(for a metal initially free from internal stress) evidently 
depends on the relative magnitudes of the elevating 
influence of work-hardening and the depressing influ- 
ence of increasing internal stress. A metal with a 
high initial rate of work-hardening tends to give a 
proof-stress-extension curve with an initial rise and 
descent, such as the lower two curves obtained with 
18:8 alloy DM-18.3 (fig. 24). A metal with a lower 
initial rate of work-hardening tends to give a curve 
with an initial descent, such as the curves obtained 
with fully annealed monel metal, fully annealed Inconel 
and heat-treated aluininum-monel metal. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE PROOF 
STRESSES FOR WORK-HARDENED 18 : 8 CHROMIUM-NICKEL STEEL 
ANNEALED FOR RELIEF OF INTERNAL STRESS 

The maximum relief of internal stress for 18:8 alloy, 
as shown in figure 23, is caused by annealing at about 
900° F. Specimens of half-hard and hard 18:8 alloy, 
which had been annealed at 900° F and used in obtain- 
ing data for figure 23, were then extended by numerous 
small stages to the beginning of local contraction. 
After each of these stages, correlated stress-deviation 
and stress-set curves were determined. From the 
stress-set curves, which are not shown in this report, 
proof stresses have been derived. These proof stresses 
are plotted against plastic extensions in figure 25. 

The experimental points in this figure are distributed 
in pairs. The influence of the rest interval and of the 
extension spacing has caused the second experimental 
point of each pair, with only one exception, to be higher 
than the first. The resultant oscillations in the curves 
as drawn make it difficult to determine the entire course 
of each of the basic curves. The course of such a curve 
may be established by determining all the experimental 
points with long prior rest intervals. In the absence of 
such a series of experimental points, however, the forms 
of the basic curves in figure 2f> may he determined by 
assuming thai these curves would traverse approxi- 
mately the points that have been determined with a 
relatively long prior-rest interval. In such a study, 
consideration must be given to the possibility of a re- 
bound of the basic curve between adjacent low points. 

The initial trend of each basic curve in figure 25 may 
be readily determined. This trend is indicated by the 
relative positions of points 1 and 3. If point 3 is below 
point 1, a rise from point 1 to point 2 may be attributed 
to the influence of the relatively short rest interval prior 
to the determination of point 2. This is the probable 
reason for the rise from point 1 to point 2 in the 0.003- 
percent proof stress curve for half-hard metal DM-9 
and in the lower three curves for hard metal DH-9. 
The initial trend of each of these curves, as indicated 
by the relatively low position of point 3, is downward. 



The initial trend of every other curve in figure 25 is 
upward. 

In the diagram for metal DM-9, the exceptionally 
high rebound from point 3 to point 4 (in the lower two 
curves), followed by the still greater recoil to point 5, 
may possibly be due to a rapid rise and fall of the basic 
curve. Additional experiments, therefore, are needed 
to determine w hether the first minimum in these curves 
is at point 3 or point 5. In the diagram for metal 
DH-9, the basic curves for the 0.001-, 0.003-, and 0.01- 
percent proof stresses evidently reach a minimum at a 
prior plastic extension of about 0.5 percent, then rise 
rapidly throughout the further extent here represented. 
The most significant feature in figure 25 is the initial 
descent of the lower two curves for metal DM-9 and of 
i he lower three curves for metal DH-9. 

In the initial trend, the basic curves for metals DM 9 
and DH-9 are similar to the curves for another work- 
hardened metal that had been annealed for relief of in- 
ternal stress (monel metal G-8, fig. 10). The basic 
curves for metals DM-9 and DH-9 are also similar to 
the curves for the fully annealed monel metal (figs. 2 
and 4), the fully annealed Inconel L 17.5 (fig. 14), and 
the heat-treated aluininum-monel metal J (fig. 18). 
Because all these alloys probably were nearly free from 
internal stress, the initial descent of the (lower) proof- 
s tress-extension curve probably is due to the pre- 
dominating influence of increase of internal stress. 

THE VARIATION OF THE MODULUS OF ELASTICITY WITH STRESS 
FOR FULLY ANNEALED 18:8 CHROMIUM-NICKEL STEEL 

After each stage of plastic extension of the specimen 
of annealed chromium-nickel steel represented in figure 
24, a corrected stress-deviation curve was obtained. 
(The curves thus obtained are not shown in this report.) 
From each of these curves has been derived a graph 
representing the variation of the modulus of elasticity 
with stress. The stress-modulus lines thus obtained 
(fig. 26) are numbered consecutively in order of the 
corresponding prior plastic extensions. The plastic ex- 
tension prior to the determination of each stress- 
modulus line is indicated by the abscissa of the corre- 
spondingly numbered experimental point in figure 27, 
which is derived from figure 26. 

Stress-modulus lines 1 to i:> and line If), are curved 
from the origin ; the other stress-modulus lines are prac- 
tically straight. Within a range of prior plastic exten- 
sion from zero to about 15 percent (fig. 27). therefore, 
this alloy gives curved stress-modulus lines. Aftei 
further plastic extension, the stress-modulus lines are 
si raight. 

Adjacent to each stress-modulus line is a number 
representing the linear stress-coefficient (Co), based on 
the initial slope. Stress-modulus line 1, as indicated 
by the value of zero for Co, is practically vertical at the 
origin. Very low values of C Q have been found also for 
the initial curves obtained with fully annealed monel 
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metal (figs. 5 and 7) and fully annealed Inconel (fig. 15). 
A general discussion of the forms of the initial stress- 
modulus line and the initial stress-deviation curve, for 
fully annealed metals, is given in section X. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS 
OF ELASTICITY AND ON ITS STRESS COEFFICIENT FOR FULLY 
ANNEALED 18 : 8 CHROMIUM-NICKEL STEEL 

The values of E () and f 0 given in figure 20 have been 
plotted as ordinates in figure 27, with abscissas repre- 
senting prior plastic extensions. 

Before the general trend of the curves in figure 27 
is considered, attention will be given to the abrupt 
oscillations due to the combined influence of the exten- 
sion spacing and the duration of the rest interval. In 
the curves for E 0 and Co, the abrupt oscillations (almost 
without exception) arc 4 qualitatively similar; each 
abrupt rise or drop in the curve for E 0 , at a pair of 
experimental points, is accompanied by a similar 
abrupt change in direction in the curve for ( \ ) . Most 
of the abrupt oscillations in the curves for E 0 and C 0 , 
however, are accompanied by opposite oscillations in 
the proof stress-extension curves (fig. 24). The oscilla- 
tions in these curves for 18:8 chromium-nickel steel 
are similar to the oscillations in the curves for monel 
metal and Inconel. 

The approximate course of the basic curve for E 0 is 
indicated by the dotted line (fig. 27). This line is 
based chiefly on the experimental points obtained with 
relatively long prior rest interval. The basic E 0 curve 
for this annealed 18:8 alloy, like the basic E 0 curves 
for annealed monel metal (fig. 8) and annealed Inconel 
(fig. 16), has an initial rise, followed by descent at a 
decreasing rate. The approach to a horizontal direc- 
tion, however, is much slower in the E 0 curve for the 
18 : 8 alloy than in the curves for the annealed monel 
metal and Inconel. Unlike the curves for monel metal 
G-12 (fig. 8), and possibly Inconel (fig. 10), moreover, 
the E 0 curve for the 18:8 alloy (fig. 27) gives no 
evidence of re-ascent. The reasons for these forms of 
the E 0 curve are given in section X. 

The basic Co curve for annealed 18:8 alloy (fig. 27) 
starts at a very low value of Co (practically zero) and 
rises rapidly to a maximum at a prior plastic extension 
of about 15 percent. With further plastic extension, 
the curve has a general downward trend, at a gradually 
decreasing rate. The Co curve, therefore, is qualita- 
tively similar to the Eq curve. The C () curve also is 
qualitatively similar to the (\ curves for annealed 
monel metal (figs. 0 and 8) and annealed Inconel 
(fig. 10). 

The highest point in the Co curve (fig. 27) corresponds 
approximately with the point of change of the stress- 
modulus line from a curve to a straight line (fig. 20). 
Throughout the rise of the Co curve (fig. 27), the cor- 
responding stress-modulus line is curved. The varia- 
tion of the curvature of the stress-modulus line, within I 



this range of plastic extension, is illustrated by the 
diagram for metal DM-18:3 in figure 40. The C 
curve in this diagram rises abruptly with slight plastic 
extension, and then takes a general downward course. 
The second experimental point of a pair tends to be 
at the bottom of an oscillation. The abrupt oscilla- 
tions in this curve thus are qualitatively similar to the 
oscillations in E 0 and Co curves. The basic C curve 
for the 18 : 8 alloy is qualitatively similar to the C 
curves of monel metal and Inconel (in the same figure), 
and is also qualitatively similar to the basic curve for 
18 :8 alloy 2A-1. The curve for alloy 2A-1 is de- 
rived from data in reference 1. This curve differs 
quantitatively from the other curves in figure 40 in 
that it has a smaller initial rise and a more regular 
downward course from the maximum. 

MODULUS-EXTENSION CURVES FOR WORK-HARDENED 18:8 CHRO- 
MIUM-NICKEL STEEL ANNEALED FOR RELIEF OF INTERNAL STRESS 

The modulus-extension curves for half-hard 18:8 
alloy DM-9 and hard 18:8 DH-9 are shown in figure 28. 
The specimens used in obtaining these diagrams were 
annealed (before test) at 900° F, for maximum relief 
of infernal stress. The experimental points in figure 
28 are derived from a consecutive series of stress-modulus 
lines. The first pair of stress-modulus lines, for both 
half-hard and hard 18 :8 alloy, are shown in figure 29. 
The initial stress-modulus line for the half-hard metal 
DM-9 is slightly curved, and is nearly vertical at the 
origin. The stress-deviation line on which this stress- 
modulus line is based, therefore, is approximately a 
cubic parabola (sec. III). The initial stress-modulus 
line for hard metal DH-9 is nearly vertical but is 
straight. With further plastic extension, all the stress- 
modulus lines for both half-hard and hard metal (not 
shown in this report) are straight. 

Because the initial stress-modulus line for half-hard 
metal DM-9 is curved from the origin (fig. 29), broken 
lines are drawn from point 1 to point 2 of the graphs for 
E 0 and C 0 in the diagram at the left of figure 28. For 
the same reason, the graph for E m is not extended to 
the left of point 2. 

At the pairs of experimental points in figure 28, there 
are few abrupt rises or descents in the curves for E 0 
and Cq. The abrupt changes generally are the same in 
direction for both the E 0 and C 0 curves and areopposite 
in direction to the corresponding changes in the proof 
stress-extension curves (fig. 25). 

The basic E 0 curve for half-hard material (fig. 28) 
probably rises from point 1 to point 2. This rise 
accompanies the change of the stress-modulus line from 
a curve to a straight line. (See DM-9 curves, fig. 29). 
Beyond point 2, the basic curve evidently descends at a 
decreasing rale. The basic E Q Curve for hard metal 
DH-9 also descends at a gradually decreasing rate. 
The E 0 curves for both half-hard and hard metal, 
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therefore, axe similar in form to the E 0 curves for fully 
annealed 18: 8 alloy DM-18.3 (fig. 27). 

The basic Co curves for both half-hard and hard 18 : 8 
alloy annealed for relief of internal stress (fig. 28) rise 
continuously, throughout the extent here shown. In 
the curve for half-hard metal DM 0, the rapid rise 
from point 1 to point 2 accompanies the change of the 
stress-modulus line from a curve to a straight line 
(fig. 29). These basic curves for work-hardened 18 : 8 
alloy are similar in form to the curve obtained with 
another work-hardened alloy that had been annealed 
for relief of internal stress (monel metal G-8, fig. 12). 
The rising trend of these C 0 curves probably charac- 
terizes work-hardened metal that has been suitably 
annealed for the relief of internal stress. The influence 
of internal stress on the C 0 curve is discussed further in 
section X. 

The intermediate curve in each of the diagrams in 
figure 28 represents the variations of the secant modulus 
corresponding to an arbitrarily selected value of the 
stress. In the diagram at the Left, the curve for E m 
shows the variations of the modulus corresponding to a 
tensile stress of 100,000 pounds per square inch. This 
curve has not been extended to the left of the point of 
change of the stress-modulus line from a curve to a 
straight line. In the diagram at the right, the curve 
for 7^00 shows the variations of the modulus correspond- 
ing to a tensile stress of 200,000 pounds per square inch. 

THE EFFECT OF ANNEALING ON THE INITIAL PAIR OF STRESS- 
MODULUS CURVES FOR COLD-DRAWN 18:8 CHROMIUM-NICKEL 
STEEL 

In figure 29 arc shown the initial pair of stress- 
modulus lines for half-hard and hard 18:8 chromium- 
nickel steel, as received and after annealing at various 
temperatures. In the diagram Cor the half-hard metal 
DM, the second stress-modulus line for the metal 
annealed at 900° F is straight, at least in the lower 
part; all the other stress-modulus lines are slightly 
curved from the origin. The first curve of each pair 
gives a very low value of C 0 ; the second curve gives a 
much higher value. Slight curvature is found in some 
of the stress-modulus lines for the five half-hard 18:8 
alloys discussed in the previous report. Curvature 
generally is not found in the initial stress-modulus lines, 
but it may appear after slight plastic extension and 
disappear alter more plastic extension. 

In the diagram for the hard metal DH (fig. 29), all 
the stress-modulus lines are practically straight, al 
least in the lower part. Very low values of C 0 are de- 
rived from both the stress-modulus lines for the metal 
as received, and the second stress-modulus line for 
the metal annealed at 900° F; a slightly higher value 
of Co is derived the second stress-modulus line for the 
metal annealed at 900° F. 

Much higher values of C 0 are derived from all the 
other stress-modulus lines of this diagram. The low 



values of C 0 obtained with metals DM and 1)11 as 
received are very different from the values obtained 
with the five 18: 8 alloys discussed in reference 1. All 
five alloys, both in half-hard and hard condition, gave 
high values of C 0 . With plastic extension, the value of 
Co (for each of the five hard 18:8 alloys) decreased, 
but remained somewhat higher than the highest value 
given in figure 29. Possible reasons for this great 
difference in behavior between the five 18:8 alloys 
discussed in reference 1 and metals DM and DH dis- 
CUSSed in this report are given in section IX 

THE EFFECT OF ANNEALING! ON THE MODULUS OF ELASTICITY AND 
ON I IS STRESS COEFFICIENT FOR COLD-DRAWN IS : <S CHROMIUM- 
NICKEL STEEL 

The values of E 0 and C 0 for the first stress-modulus 
curve of each pair in figure 29 have been used in deriv- 
ing the curves for E 0 and C 0 in figure 30. These curves 
show the variation of the initial values of E 0 and C 0 
with annealing temperature. An abscissa correspond- 
ing to 70° F has been used in plotting results for the 
metals as received. 

The E 0 curve in each diagram rises continuously with 
increase in the annealing temperature. The value of 
is much higher for fully annealed metal (represented 
by the right end of each curve) than for the metal as 
received. A similar relationship was found for the 
five 18:8 alloys considered in the previous report. The 
curve of variation of E Q with annealing temperature 
for those alloys probably would be similar to the E Q 
curve for metals DM and DH (fig. 30). 

The E 0 curves for 18: 8 alloys DM and DH (fig. 30), 
however, differ greatly in trend from the corresponding 
E 0 curves for monel metal and Inconel (fig. 21). The 
reasons for this difference may be found in section X. 

The C Q curves for metals DM and DH are low at 
the left, rise somewhat in the middle, and descend to a 
very low value at an abscissa representing fully annealed 
metal. The relatively high part of each curve is within 
the range of annealing temperature for relief of internal 
stress without important loss of strength. These 
curves apparently differ greatly from the correspond- 
ing curves for monel metal and Inconel (fig. 21), par- 
ticularly in the range of temperature between 70° F 
and 900° F. Within this range, the curves for the 
18:8 alloys rise, and the curves for monel metal and 
Inconel (as drawn) descend. The exact course of the 
Co curves for monel metal and Inconel, however, is 
not established throughout the range of annealing 
temperature from 70° F to 800° F or 850° F. The 
rise and descent of the C 0 curves for metals DM and 
DH, moreover, may not be the typical trend for 18:8 
alloys. As previously stated, metals DM and DH 
give much lower values of both E 0 and C 0 than the 
values obtained with the five 18:8 alloys considered 
in the previous report. 
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The results of the annealing treatment at 482° F 
for 44 hours are represented (fig. 30) by diamond- 
shaped shaded points. These results show that the 
long time at this temperature has caused little change 
in E Q but has decreased C 0 considerably below the cor- 
responding values obtained by annealing for 30 minutes. 
The longer annealing time has decreased the curvature 
of the stress-strain line but (as shown in fig. 23) lias 
had little effect on the proof stresses. 

ASSEMBLED DATA ON THE INFLUENCE OF PLASTIC DEFORMATION 
AND OF ANNEALING ON E 0 AND Co FOR 18 :8 CHROMIUM-NICKEL 
STEEL 

The 18:8 alloy steels DM and DH differ from the 
five 18:8 alloys considered in the previous report, not 
only in the initial values of C Q but also in the values 
for E 0 . It has seemed desirable, therefore, to assemble 
for comparison the characteristic values of E 0 obtained 
with all these alloys. In figure 30, consequently, have 
been plotted initial values of E 0 and values obtained 
after tensile extension nearly to the beginning of local 
contraction. The two diagrams in this figure give 
information about the influence of plastic deformation 
and of annealing on the modulus of elasticity and on 
its stress coefficient. The 18:8 alloys discussed in the 
previous report are designated by numerals 1 to 5; 
following each of these numerals is a letter indicating 
the degree of hardness of the alloy as received; the 
fully annealed, half-hard, and hard alloys are desig- 
nated, respectively, by the letters A, B, and C. Values 
obtained with half-bard and hard alloys are plotted in 
their respective diagrams. Values obtained with the 
alloys as received are plotted at an abscissa represent- 
ing 70° F, values obtained with fully annealed alloys 
are plotted, in both diagrams, at an abscissa represent- 
ing an annealing temperature of 1,830° F. 

The initial values of E 0 obtained with the 18: 8 alloys 
considered in the previous report are much greater than 
the corresponding values obtained with alloys DM and 
DH (fig. 30). After tensile extension nearly to the 
beginni n g of local contraction, however, a lower value 
for E 0 was obtained with the fully annealed alloy 2A 
than with the fully annealed alloy DM-18.3. The 
value for half-hard alloy IB, after similar tensile exten- 
sion, is about the same as the value obtained with alloy 
DM as received. (Alloy DM was not extended to the 
beginning of local contraction.) After similar tensile 
extension of the hard alloys 2C, 3C, 4C, and 5C, the 
values for E 0 remain higher than the value obtained 
with alloy DII as received. 

As the values for A'„ and C (l are generally higher Cor 
the five alloys considered in the previous report than 
for alloys DM and DH, the values obtained with 
alloys DM and DH may be exceptionally low. These 
low values cannot be attributed to abnormality in chem- 
ical composition. The chemical composition of metals 



DM and DH is within the range of composition of the 
five 18:8 alloys considered in reference 1, and differs 
little from the composition of alloy 2. The rapid rise 
of the proof stresses of these alloys with relief of internal 
stress (fig. 23), moreover, indicates that the low initial 
values of E 0 and C 0 for metals DM and DH (fig. 30) 
cannot be attributed to low internal stress. The 
influence of crystal orientation in causing such differ- 
ences in E 0 and C 0 is considered in sections IX and X. 

VII. THE TENSILE ELASTIC PROPERTIES OF 13:2 
CHROMIUM-NIC KEL STEEL AS AFFECTED BY PLASTIC 
DEFORMATION AND BY HEAT TREATMENT 

DESCRIPTION OF THE 13:2 CHROMIUM-NICKEL STEEL 

The stainless steels hitherto discussed in this report 
and in reference 1 are practically single-phase alloys. 
The elastic strength of these alloys may be increased by 
cold-work but not (to an important extent) by heat 
treatment. The stainless steel now to be considered. 
13:2 chromium-nickel steel, maybe strengthened either 
by cold-work or by heat treatment. In another im- 
portant respect, moreover, tins steel differs from the 
alloys previously considered. The space lattice of each 
of the alloys previously considered is face-centered 
cubic. The 13:2 chromium-nickel steel, either after 
strengthening heat treatment or in the softest condi- 
tion, has a ferritic matrix. The space lattice of this 
matric is body-centered cubic. 

The steel used in this investigation was supplied in 
the form of round rods. The chemical composition is 
given in table I. The heat treatment given by the 
manufacturers consisted in heating to 1,240° F and 
cooling in the furnace. As no other heat treatment is 
mentioned by the manufacturers, probably no heat 
treatment intervened between the hot-rolling and the 
reheating to 1,240° F. Heating to about this tempera- 
ture and cooling slowly is the most convenient t reatmenl 
for softening. Heating to about 1,750° F causes the 
carbides to go into solution and thus makes tin 4 alloy 
(at that temperature) practically a single-phase aus- 
tenitic alloy. As the transformation of this alloy on 
cooling is slow, only partial transformation occurs on 
cooling in air. Suitable heat treatment consists in cool- 
ing in air from 1,750° F, and reheating to the desired 
temperature for tempering. 

In order to investigate the effect of heat treatment on 
the elastic properties, consequently, specimens were 
heated to 1,750° F, cooled in air, and reheated to vari- 
ous temperatures, ranging from room temperature to 
1 .7-10° F. After tempering, the specimens were cooled 
in the furnace. 7 Details of the heat treatment are 
given in table III. 

I The elastic properties probably are not affected by the rate of cooling after temper- 
ing at temperatures up to about 1,240° F. Greater toughness, however, probably 
would be obtained by cooling in air. 
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THE EFFECT OF TEMPERING ON THE INITIAL PAIR OF STRESS-SET 
CURVES AND ON THE DERIVED PROOF STRESSES FOR 13 : 2 
CHROMIUM-NICKEL STEEL 

With each of these specimens, an initial pair of cor- 
related stress-deviation and stress-set curves were 
determined. The pairs of stress-set curves are shown 
in the lower row of figure 31. Corresponding pairs of 
stress-deviation curves are shown in the upper row. 

The second stress-set curve of each pair is steeper than 
the first. This difference in steepness is very great in 
the first pair, which was obtained with a specimen that 
had been air-cooled from 1,750° F and not afterward 
reheated. The difference in steepness decreases with an 
increase in the tempering temperature, up to about 850° F. 
With further increase in the tempering temperature, 
the difference in steepness increases and is very great in 
the specimens that were tempered at 1,450° and 1,750° F. 
The pair designated A, like the first pair, was obtained 
with a specimen that had been cooled from 1,750° F. 
The indicated difference in the rate of cooling from this 
temperature accounts for the difference in steepness of 
corresponding curves of the two pairs. The pair 
designated B (heated to 1,240° F by the manufac- 
turers), as would be expected, differs little from the pair 
obtained with a specimen that had been air-cooled from 
1,750° F and tempered at 1,200° F. 

The variation of steepness with annealing tempera- 
ture is much greater for the first curve than for the 
second curve of a pair. These variations may best be 
studied by considering the influence of annealing tem- 
perature on the proof stresses. Proof stresses derived 
from the stress-set curves in figure 31 have been plotted 
as ordinates in figure 32, with the abscissas representing 
tempering temperatures. The diagrams designated 
"first loading" and "second loading" are derived from 
the first and second curves, respectively, of the pairs of 
stress-set curves of figure 3 1 . 

The course of each curve (fig. 32) is largely due to 
the variation of microstructure with the tempering 
temperature. The initial rise is largely due to harden- 
ing of the metal caused by transformation of retained 
austenite and precipitation of fine particles of carbide. 
At the maximum, which is the same for all curves in 
each diagram but not the same in the two diagrams, 
the microstructure consists of fine particles of carbide 
dispersed in a matrix of ferrite. The descent of the 
curves is due to the growth and the decrease in number 
of the carbide particles. The reascent, with an increase 
in the tempering temperature above about 1,250° F, is 
due to increasing re-solution of the carbide particles and 
to partial reprecipitation in finer form during the cooling 
from the tempering temperature. The rate of cooling 
from the tempering temperature evidently is important 
when this temperature is above about 1,250° F. 

The initial rise in the curves (fig. 32) is similar to the 
initial rise in the curves of variation of proof stresses of 
18: 8 alloy with annealing temperature (fig. 23). The 



initial rise in the curves for the 18:8 alloy, and in the 
curves for monel metal and Enconel (fig. 20), is due 
chiefly to relief of internal sti'ess. The relief of internal 
stress is also an important factor but is not the only 
factor, in the initial rise of the curves for 1 3 : 2 alloy 
(fig. 32), especially in the diagram representing first 
loading. The internal sti'ess in this alloy is due not to 
cold-work but to the volume changes (caused chiefly 
by the partial transformation of the austenite) during 
the cooling in air from 1,750° F. 

In the diagram for first loading, the ascent of the 
curves (between 70° F and 700° F to 800° F) is 
caused by two factors, the relief of internal stress and 
the variation of microstructure. The relative import- 
ance of these two factors varies with the amount of 
permanent set on which the proof stiess is based. 
The influence of relief of internal stress is relatively 
large for the curves representing 0.001 -, 0.003-, and 
0.01-percent proof stresses and is small for the other 
two curves. As the slight plastic extension during the 
first loading causes important changes in internal 
stress, the following comparison of the diagrams 
representing first and second loading gives information 
about the relative importance of the variation of 
internal stress and the variation of microstructure as 
causes of the initial ascent of the curve-. 

In the diagram for first loading, the ascent of the. 
curves is due to a change in both microstructure and 
in internal sti'ess; in the diagram for second loading, 
the ascent probably is due almost entirely to a change 
in the microstructure. A comparison of the ascents 
of the lower curves in the two diagrams makes it possi- 
ble to estimate approximately how much of the ascent 
of the curves in the diagram is due to relief of internal 
sti-ess. In such a comparison, however, consideration 
should be given to the fact that the rise of the lower 
curves in the diagram for second loading probably has 
been diminished somewhat by restoration of internal 
stress during the first loading after annealing at 700° F 
to 800° F. As stated in section III, tensile extension 
of specimens in which the internal stress is zero or at a 
minimum, causes increase of interna] stress and thus 
tends to lower the proof stresses. For this reason, the 
curves at the maximum in the diagram for second load- 
ing may have been somewhat depressed. This effect, 
however, probably is small. The total ascent of the 
curve for 0.003-percent proof stress (the best estab- 
lished of the Lower curves) is slightly more than twice 
as great in the diagram for the first loading than in the 
diagram for the second loading. Somewhat more 
than half the ascent of this curve in the diagram for 
first loading, therefore, probably is due to relief of 
internal stress. The remainder of the ascent is due to 
a change of microstructure. 

At an abscissa representing 1,750° F, in each dia- 
gram, are two series of experimental points. The 
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Lower series represents results obtained with a specimen 
thai had been heated to 1,750° F and cooled in the 
furnace. This specimen bad not been previously 
heated to 1,750° F and cooled in air, as had all the 
specimens represented by the small circles. Such a 
prior treatment, however, would not have affected the 
results obtained by beating to the same temperature 
and cooling in the furnace. The upper series of experi- 
mental points, at the same abscissa, are merely repeti- 
tions of the experimental points plotted at 70° F. 
This repetition appeal's justified by t lie* fact that 
tempering a1 1,750° F and cooling in air would be 
merely a repetition of the treatment that was given to 
the specimen represented at an abscissa of 70° F. 

Cooling in the furnace from 1,750° F evidently gives 
lower proof stresses than docs cooling in air from the 
same temperature, By very slow cooling, the proof 
stresses may be decreased still more. Excessively slow 
cooling probably would permit a sufficient precipitation 
and growth of carbides to reduce the proof stresses to 
the values obtained by tempering at. about 1,250° F. 
Tempering at about 1,250° F, however, is the mos1 
convenient treatment for softening. 

The experimental points at 1,240° represent results 
obtained with this alloy as received. The report of 
heat treatment by the manufacturers indicates that this 
alloy was heated to 1,240° F and cooled in the furnace. 
No mention is made of any heat treatment intervening 
between the hot-rolling and the tempering. The proof 
stresses for this alloy (fig. 32) are about the same as if 
the alloy had been given a solution treatment, followed 
by air cooling, prior to the tempering at 1,240° F. This 
solution treatment, however (as shown below), had 
great effect on the values of E 0 and C 0 . 

THE EFFECT OF HEAT TREATMENT ON THE INITIAL PAIR OF 
STRESS- MODULUS LINES, ON THE MODULUS OF ELASTICITY 
AND ON ITS STRESS-COEFFICIENT FOR 13 : 2 CHROMIUM-NICKEL 
STEEL 

The initial pair of stress-modulus lines, obtained with 
specimens that had been given the previously described 
heat treatments, are shown in figure 33. These stress- 
modulus lines are derived from the stress-deviation 
curves in the upper row of figure 31. All the stress- 
modulus lines except the first line obtained after temper- 
ing at 1,200° F, are practically straight. In this 
respect, these stress-modulus lines obtained with a heat- 
treated alloy resemble the lines obtained with single- 
phase alloys that have been hardened by considerable 
plastic extension (figs. 11, 15, and 26). A noteworthy 
feature in figure 33 is the great difference in slope and 
in position at the origin, between the lines of pair B 
and the lines obtained by tempering at 1,200° F after 
air-cooling from 1 ,7">0° F. This difference is in accord- 
ance with the great difference in initial steepness and in 
curvature between the two corresponding pairs of 
stress-deviation lines dig. 31). The lines of pair B in 



figure 33 were obtained with a specimen of the alloy 
as received. The only heat treatment given to this 
metal fas reported by the manufacturers) was furnace- 
cooling from 1,240° F. The great difference in the 
slope of the lines of these two pairs, therefore, may be 
attributed to an effect of the solution treatment. A 
possible effect of this solution treatment is suggested 
in section 1 X . 

The values of E 0 and C 0 obtained from the stress- 
modulus lines of figure 33 have been used in deriving a 
diagram to represent the variation of these indices with 
heat treatment. This diagram is shown in figure 34. 
The curve for E 0 in this figure shows no evidence of 
general upward or downward trend throughout the 
entire range of tempering temperature. The curve for 
(7 0 shows no general upward or downward trend through- 
out the range of temperature from 70 to 1,450° Fj 
between 1,450 and 1,750° F there is evidence of an 
upward trend. (The lower experimental point at 
1,750° F, for reasons given in connection with fig. 32, 
is merely a repetition of the point at 70° F.) These 
curves are based entirely on values obtained with the 
specimens that had been beat treated by the authors. 

At an abscissa representing 1,240° F are plotted the 
values of E {) and C {) obtained with the alloy as received. 
These points are far above the corresponding curves. 
The value of C 0 is about 10 times the mean value ob- 
tained with the specimens heat treated by the authors. 

The high values of Eq and C 0 obtained with the alloy 
as received are not due to an unstable condition, re- 
movable by plastic extension. Even after plastic ex- 
tension to the beginning of local contraction (fig. 38), 
the values of E 0 and C 0 remain higher than any of the 
values obtained with specimens that had been given 
the solution treatment (fig. 34). Although tliis solution 
treatment (heating to 1,750° F and cooling in air) 
probably caused some change in the distribution of the 
precipitated carbides, this change in microstructure was 
not enough to have an important effect on the proof 
stresses (fig. 32), and probably was not enough to have 
important effect on E 0 and C () . The great effect of the 
solution treatment on B 0 and Go probably may be 
attributed to an effect of this treatment on the crystal 
orientation. Difference in crystal orientation has 
been mentioned previously as a possible cause of differ- 
ences in values of E 0 and C 0 for 18:8 alloy (sec. VI). 
The subject is discussed further in section IX. 

When for any reason both E 0 and C 0 are higher for 
one metal than for another, it may be of interest to 
know the range of tensile stress within which the one 
metal remains superior to the other in effective modulus 
(E). This information may be obtained by calcidating 
the stress at which the effective modulus of elasticity 
would be the same for both metals. This stress S c can 
be estimated by the use of two simultaneous equations, 
of the general form of equation (2). In these two 
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equations the values of E and Sc evidently are the same. 
If the ratio of the larger to the smaller values of E 0 
and Co be represented by m and n respectively, the 
value of the stress at winch the elastic strain is the 
same for the metal in the two conditions is given by 

m-1 (9) 
bc ~C Q (mn-l) 

In this equation, C 0 represents the smaller of the twc 
values of this index. 

The stress (S c ) at which the effective modulus would 
be the same for the 13:2 alloy in the two conditions 
may be estimated from equation (9) by using the values 
for Eq and C 0 given in figure 34. The value for S c thus 
obtained is about 85,000 pounds per square inch. 
Throughout a range of stress up to the highest indicated 
proof stress value (fig. 34), therefore, the 13:2 alloy as 
received is superior (in effective modulus of elasticity) 
to the alloy after air-cooling from 1,750° F and temper- 
ing at 1,200° F (fig. 32). 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR 1.3 : 2 
CHROMIUM-NICKEL STEEL 

With the specimens heat-treated by the authors, 
only the initial pair of stress-set (and stress-deviation) 
curves were determined. A specimen of the alloy as 
received, however, was extended by small stages to the 
beginning of local contraction; after each of these 
stages, correlated stress-deviation and stress-set curves 
were determined. The stress-set curves arc shown in 
the lower row of figure 35. The proof stresses derived 
from these curves are plotted as ordi nates in figure 36, 
with abscissas representing the prior plastic extensions. 
As shown in figure 36, all the extensions between deter- 
minations of the experimental points were small. The 
points, therefore, are not arranged in distinct pairs as 
they are in nearly all the previously discussed diagrams 
of this type. 

After some of the stages of extension, a cycle of 
stress between 1,000 and 80,000 pounds per square inch 
was introduced before the determination of the next 
stress-set curve. This cycle invariably caused the next 
stress-set curve to be steeper than the preceding curve 
(fig. 35) and thus caused an experimental point follow- 
ing such a cycle to be the top of a wide vertical oscilla- 
tion, especially in the curves for the 0.001- and 0.003- 
percent proof stresses (fig. 36). From these tops, the 
descent generally is abrupt, even w hen the next experi- 
mental point has been obtained with a short prior rest 
interval; increase in the duration of this rest interval 
tends to increase the extent of the drop. This effeel 
of duration of the rest interval is illustrated by the 
results obtained with a relatively long prior rest interval. 



Each of the four stress-set curves obtained with a long 
prior rest interval (fig. 35) is less steep than the curves 
immediately preceding and following, and each corre- 
sponding experimental point in figure 36 is at the bot- 
tom of a wide vertical oscillation. 

The basic curves for the 0.01, 0.03, and 0.1 percent 
proof stresses evidently rise from the origin, at a de 
creasing rate. The course of the lower two basic 
curves cannot be followed with certainty because of the 
wide oscillations. The initial trend, however, can be 
determined qualitatively by considering the low points 
of the oscillations. A comparison of the heights of 
points 1 and 5 thus shows that the initial trend is up- 
ward. The sleep rise and descent in the curve as drawn 
between points 1 and 5 probably is due to a steep rise 
and descent in the basic curve. The descent of the 
curve as drawn between points 3 and 5, however, 
probably is hastened by the influence of the long rest 
interval prior to the determination of point 5. The 
first minimum in the basic curve, therefore, may be at 
somewhat more than 1 percent prior plastic extension. 

Because of the tempering at 1,240° F, this alloy as 
received probably was free from internal stress. Plastic 
extension of a metal initially free from internal stress 
tends to increase the internal stress from zero to a 
maximum (sec. Ill) and thus tends to cause the initial 
trend of the lower proof-stress-extension curves to be 
downward. Whether the actual initial trend is down- 
ward or upward, however, depends on the relative 
magnitudes of two opposing factors: the depressing 
influence of the increasing internal stress and the 
elevating influence of the work hardening. 

Various indices have heen used to represent the rate 
of work hardening. A valuable index is the extension 
at the beginning of local contraction (maximum load). 
As shown by an arrow in figure 36, however, the exten- 
sion of 13:2 alloy E at maximum load is only about 7 
percent. According to this index, therefore, the rate of 
work-hardening of this alloy is small. And yet the 
initial rise of the proof-stress curves suggests that the 
influence of the rate of work-hardening of this alloy 
predominated over the influence of increasing internal 
stress. It should be noted, however, that the 13:2 
alloy contains hard particles in a relatively soft ferritic 
matrix. The rate of work-hardening that determines 
the initial course of the proof-stress-extension curve for 
such an alloy probably is the rate of work-hardening of 
the matrix. This rate, for the 13:2 alloy, is much 
greater than the rate of work-hardening of the alloy as 
a whole, which is represented by indices such as the 
extension at maximum load. The rate of work- 
hardening of the matrix of the 13:2 alloy evidently is 
great enough to predominate, at first, over the de- 
pressing influence of increasing internal stress. 
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THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS 
OF ELASTICITY AND ON ITS STRESS COEFFICIENT FOR IB : 2 CHRO- 
MIUM-NICKEL STEEL 

After each stage of plastic extension represented in 
figure 36, a corrected stress-deviation curve was deter- 
mined; these curves are shown in the tipper row of 
figure 35. From these curves are derived the stress- 
modulus lines shown in figure 37. All the stress- 
modulus lines are practically straight. The lines vary 
greatly in slope and in the indicated value of E 0 , 
corresponding to the variations in curvature and the 
initial slope* of the stress-deviation lines in figure 35. 
The influence of plastic extension on these variations 
is shown in figure 38. 

The combined influence of duration of the rest inter- 
val and the intermediate cycle introduced between 
some of the stages of plastic extension and the deter- 
mination of the next stress-deviation curve, is qualita- 
tively the same in the curves for E Q and Co (fig. 38). 
Three of the points obtained with long prior rest interval 
are at the tops of oscillations in both curves; the other 
point obtained with long prior rest interval is at the 
top of an oscillation in the curve for E 0 and is near a 
top in the curve for C 0 . These oscillations are opposite 
in direction to corresponding oscillations in the proof- 
stress-extension curves (fig. 36). In this respect, the 
13:2 alloy behaves like all the alloys previously dis- 
cussed in this report and in the previous report. 

The basic E Q curve probably descends continuously 
at a decreasing rate. The downward trend evidently 
continues at least to an ex1 ension of 7 percent, the point 
of maximum load. As the contraction beyond this 
point localizes veiy slowly, it was found possible to 
extend the curves considerably further. Beyond the 
point of maximum-load, however, the superposed 
oscillations tend to become erratic. 

The curve for the 13:2 alloy differs in form from the 
curves for monel metal (figs. 6 and 8) and annealed 
Inconel (fig. 18), and is qualitatively similar to the 
curves for 18: 8 alloy (figs. 27 and 28). The approach 
to a horizontal direction, however, is much more rapid 
in the curve for the 13:2 alloy than in the curves for 
the 18:8 alloys. The reasons for these differences in 
the form of the 2? 0 curves are given in section X. 

The basic C 0 curve evidently has an initial rise to a 
maximum at prior plastic extension of about 1 percent. 
Beyond this maximum, the basic curve descends at a 
decreasing rate to a nearly constant value. The 
course of the basic curve for the 13 : 2 alloy, therefore, 
is qualitatively similar to the course of the C Q curve for 
annealed monel metal (figs. 6 and 8), annealed Inconel 
(fig. 18), and annealed 18 : 8 alloy (fig. 27). The reasons 
for the courses of these curves are given in section X. 

Throughout the entire course of the C 0 curve for 13 : 2 
alloy (fig. 38) the indicated values of C 0 are about 10 
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times the values obtained with the same alloy after 
air-cooling from 1,750° F and tempering (fig. 34). 

VIII. THE TENSILE ELASTIC PROPERTIES OF COPPER 
AS AFFECTED BY PLASTIC DEFORMATION 

SOME GENERAL CHARACTERISTICS OF COPPER AND A DESCRIPTION 
OF THE COPPER USED IN THIS INVESTIGATION 

Because of the important differences that have been 
found in the elastic properties of the metals considered 
in this report , especially t he differences in the curves for 
E 0 and f r 0 , if ' s desirable to include in the investigation 
metals differing widely in composition, in elastic 
strength, and in the modulus of elasticity. Only thus 
is it possihle to study adequately the interrelationship 
between the various factors affecting the elastic proper- 
ties of metals. The alloys previously considered do not 
differ greatly in the modulus of elasticity or in elastic 
strength. Much lower values of the modulus of elas- 
ticity, however, are found for some commercial alloys, 
even for some that may be classed as high-strength 
alloys. The modulus of elasticity ot copper and of 
some of hs alloys is little more than half the values 
obtained with the metals previously considered. In 
strength also copper differs greatly from the metals 
previously studied; the tensile strength of fully annealed 
copper is little more than one t hird that of fully annealed 
monel metal or 18:8 alloy. 

Because information about the elastic properties of 
copper was needed in connection with an investigation 
of creep of metals, a short study has been made of the 
elastic properties of this metal as affected by plastic 
extension. The results of this study, when compared 
with the results obtained with the much stronger metals 
previously considered, have thrown much light on the 
interrelationship of factors affecting the form of the 
stress-strain curve and the values of E 0 and C 0 . The 
results obtained with copper are therefore included in 
this report. 

The copper used in this investigation is "oxygen 
free" copper. It was supplied in the form of cold-rolled 
round rods. A specimen of this copper was tested in the 
work-hardened condition. Additional specimens were 
annealed at 600° and 800° F, respectively. The lower 
temperature is just above the rccrystallization range. 
Details of the annealing treatment are given in table III. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS-SET 
CURVE AND ON THE DERIVED PROOF STRESSES FOR ANNEALED 
COPPER 

The two specimens (N-6 and N-8) of fully annealed 
copper were extended by short stages to the beginning 
of local contraction; after each of these stages, a stress 
deviation curve and a stress-set curve were determined. 
These curves are shown in figures 39 and 41. Proof 
stresses derived from the stress-set curves are plotted 
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as ordinates in figures 40 and 42 respectively, with 
abscissas representing prior plastic extensions. 

The first four stages of extension, as shown in figures 
40 and 42, are short; the other stages are alternately 
long and short. The stress-set curves thus were deter- 
mined in pairs. The first stress-set curve of each pair 
was determined after a relatively long rest interval; 
the second curve was determined after a short rest 
interval. The influence of the extension spacing and of 
the duration of the rest interval causes the second stress- 
set curve of each pair (figs. 39 and 41) to be steeper than 
the first, and thus causes the second experimental point 
of each pair in figures 40 and 42 to be higher than the 
first. In this respect, copper is similar to all the metals 
previously considered in this report. 

The form of each basic curve in figures 40 and 42 can 
be determined qualitatively by tracing a curve from the 
origin approximately through the experimental points 
obtained with long prior rest intervals. The general 
trend of each basic curve, with the exception of the 
curves for the 0.001-percent proof stress, is contin- 
uously upward. In figure 42 the basic curve for the 
0.001 -percent proof stress evidently has an initial rise 
to a maximum, followed by a descent to a minimum at 
plastic extension between 2 and 5 percent. In figure 
40, the initial course of the basic curve is less certain. 
A curve drawn from the origin through points 3, 5, arid 
7 would first rise, then descend, and again rise, all 
within a plastic extension of about 2 percent. It seems 
more probable, however, that this basic curve is similar 
to the corresponding curve in figure 42. Each of these 
two basic curves probably lias an initial rise, followed by 
an abrupt descent to a minimum. 

The initial trend of the basic curve for the 0.001- 
percent proof stress in figure 42, and probably in figure 
40, is similar to the initial trend of corresponding curves 
obtained with fully annealed 18:8 cliromium-nickel 
steel (fig. 24) and with 13:2 chromium-niekel that had 
been softened by tempering (fig. 36). An initial down- 
ward trend, however, is found in the corresponding 
(lower) curves for fully annealed monel metal (figs. 
2 and 4), fully annealed Inconel (fig. 14), and heat- 
treated aluminum-monel metal (fig. 18). All these 
metals, because of the thermal treatment, must have 
been initially free from internal stress. Tensile exten- 
sion of metals initially free from internal stress (sec. Ill), 
causes an increase of internal stress from zero to a maxi- 
mum and thus tends to cause a descent of the lower 
proof-stress-extension curves to a minimum. Tins 
tendency, however, is opposed by the elevating ten- 
dency of the tensile work-hardening. When the rate 
of work-hardening is sufficiently high, the elevating 
influence of work-hardening at first predominates over 
the depressing influence of increasing internal stress 
and the proof-stress-extension curve has an initial rise. 
When the initial rate of work-hardening is not sufficient 



to overcome the influence of increasing internal stress, 
the curve has an initial descent. Even if the influence 
of work-hardening predominates at first, the influence 
of increasing internal stress eventually predominates 
and the curve descends. 

A high rate of work -hardening has been mentioned 
as the probable cause of the initial rise of the lower 
proof-stress-extension curves for fully annealed 18: 8 
alloy (fig. 24) and for the 13:2 alloy that had been sof- 
tened by tempering (fig. 36). To the same cause may 
be attributed the rise of the curve for the 0.001-percent 
proof stress for annealed copper (fig. 42 and probably 
fig. 40). 

An index of the general rate of work-hardening is the 
tensile extension at maximum load (beginning of local 
contraction). This extension is about 33 percent for 
annealed monel metal G-14, 34 percent for annealed 
monel metal G-12, 35 percent for annealed Inconel 
Lr-17.5, 11% percent for heat-treated aluminum-monel 
metal J, 70 percent for annealed 18:8 alloy DM-18.3, 
14 percent for tempered 13:2 alloy E, and 40 percent 
for annealed copper N-6 and N-8. W ith the exception 
of the 13:2 alloy, 8 the extension at maximum load is 
greater for the second four than for the first four metals. 

The first four of this list of eight metals are metals 
whose (lower) proof-stress-extension curves have an 
initial descent, the second four are metal- whose proof- 
stress curves have an initial rise. 

The initial rate of work-hardening may be repre- 
sented by the ratio between the yield stress after slight 
plastic extension and the initial yield stress. Such 
indices have been obtained from the curves for the 
0.10-percent proof stress by determining the ratio 
between the proof stress at an extension of 3 perceni 
and the initial proof stress. These indices for the eight 
metals previously mentioned are: 



Monel metal G-14 1. 26 

Monel metal G-12 I. 27 

Inconel L-17.5 1. 44 

Aluminum-monel metal J 1. 19 

13:2 alloy E 1. 43 

18 : 8 alloy DM-18.3 1. 74 

Copper N-6 2. 22 

Copper N-8 2. 29 



The first four in this list give proof-stress-extension 
curves with initial descent : the second four give curves 
with initial rise. This index places the 13:2 alloy on 
the border line between the two groups. An index 
representing the matrix of this alloy, however, un- 
doubtedly would be much higher, possibly nearly as 
high as that for the 18:8 alloy. The indices for the 
three single-phase metals in the second group of four 
are much higher than the indices for the three single- 
phase metals of the first groups of four. The evidence 

8 The low extension for the 13 : 2 alloy is due to a low rate of hardening of t his alloy 
as a whole and does not indicate a low rate for the ferritic matrix. For this 
the rate of work-hardening probably is high. 
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therefore supports the view that the relationship 
between the rate of work-hardening and the rate of 
increase of internal stress determines the initial trend 
of the (lower) proof-stress-extension curves, when the 
initial internal stress is zero or a very low value. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
SET CURVE AND ON THE DERIVED PROOF STRESSES FOR WORK- 
HARDENED COPPER 

The stress-deviation and stress-set curves obtained 
with work-hardened copper (X) arc shown in the dia- 
gram at the right of figure 41. The proof stresses 
derived from the stress-set curves are plotted in the 
diagram at the right of figure 40, in which abscissas 
represent prior plastic extensions. The iniluenees of 
duration of the rest interval and of the extension 
spacing evidently are qualitatively the same for this 
metal as for all the other metals considered in this 
report. 

The lower two proof-stress-extension curves show 
wide oscillations. It is uncertain whether the basic 
curves, like the curves as drawn, have an initial rise 
and descent. If they do, work-hardened copper is 
similar (in this respect) to the other unannealed work- 
hardened metals considered in this report and in the 
preceding report. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE STRESS- 
MODULUS LINES FOR COPPER 

From the stress-deviation curves in the upper rows 
of figures 39 and 41, are derived curves of variation 
of the modulus of elasticity with stress (fig. 43). The 
initial stress-modulus line for annealed copper N-8, 
and lines 4 and 8 for annealed copper N-6, are practi- 
cally straight; all the other stress-modulus lines are 
curved from the origin. Some adjacent stress-modulus 
lines in figure 43 differ greatly in curvature and in 
initial slope. Lines 1, 4, and 8 for metal N-6 are 
nearly straight, whereas the adjacent lines are strongly 
curved. Lines 4 and 8 for metal N-8 are vertical at 
the origin, whereas the adjacent lines are much less 
steep. With prior tensile extension, the stress-modulus 
line for annealed copper does not become straight, as 
it does for the metals previously considered. The 
curvature of some of these lines, especially some lines 
near the beginning of each series, is much greater than 
tin 4 curvature of any stress-modulus lines for the other 
metals 9 considered in this report. 

The initial stress-modulus lines for metals N O and 
N-8 give very high values of £7 0 . The initial value of 
C 0 for metal N-8 is the highest value obtained with 
the metals considered in this report. 

The influence of prior plastic extension on the curva- 
ture of the stress-modulus line is shown in figure 47. 
In this figure, abscissas represent prior plastic exten- 

» In such a comparison, allowance must be made for the differences in the ordinate 
scales of corresponding diagrams. 



sions and ordi nates represent values of 6 7/ , the index of 
curvature of the stress-modulus line. The experi- 
mental points in figure 47 are numbered to correspond 
to the stress-modulus lines in figure 43. The initial 
value of C (fig. 47) is zero for copper N-6 and is very 
small for copper N-8. With slight plastic extension, 
C rises rapidly to a very high maximum and then 
descends rapidly. (The fact that this maximum is 
much higher for N-8 than for N-6 may possibly be 
attributed to the somewhat softer condition of N-8 
because of the higher annealing temperature.) This 
rise and descent is followed by two smaller abrupt rises 
and descents and then by a slow downward trend, at 
gradually decreasing rate and with gradually decreasing 
oscillation. These curves for annealed copper are 
similar in general form to the previously discussed 
curves of the same type obtained with other metals 
(fig. 46). All these curves have an initial rise followed 
by less rapid descent. The initial rise and descent are 
abrupt for all these metals, except in the curve for the 
annealed IS: S alloy 2A 1 , derived from data presented 
in reference 1. In one important respect, however, the 
curves for annealed copper (fig. 47) differ from the 
curves for the other metals (fig. 46). The quadratic 
stress coefficient of the modulus does not become zero, 
at least within the range of tensile extension. Even 
after more severe cold-working, as illustrated by the 
curved stress-modulus lines for cold-rolled copper 
N (fig. 43), C has not decreased to zero. 

THE INFLUENCE OF PRIOR PLASTIC EXTENSION ON THE MODULUS 
OF ELASTICITY AND ON ITS STRESS COEFFICIENT FOR COPPER 

The values of E 0 and C 0 derived from the stress- 
modulus curves in figure 43 are plotted as ordinates in 
figures 44 and 45, with abscissas representing the 
prior plastic extensions. 

The abrupt rises or descents at pairs of experimental 
points, with few exceptions, are qualitatively the same 
in the curves for E 0 and C 0 . In both curves, moreover, 
these abrupt rises or descents are generally opposite 
in direction to the abrupt rises or descents in the proof- 
stress-extension curves (figs. 40 and 42). Copper is 
similar in this respect to all the other metals considered 
in this report. 

The basic E 0 curve (figs. 44 and 45) first descends 
rapidly at a decreasing rate and reaches a minimum 
at a slight plastic extension. With further extension, 
the curve rises at first raipidly and then at decreasing 
rate throughout the whole range of tensile extension. 
At the beginning of local contraction, the modulus of 
elasticity has risen almost to the initial value. As 
shown in the diagram for unannealed, cold-rolled copper 
at the right of figure 44, the E 0 curve continues to rise 
slightly with tensile extension. The E 0 curve for cop- 
per, therefore, differs greatly from the curve obtained 
with any other metal considered in this report. As 
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the E 0 curves in figures 44 and 45 are similar in form, 
and as these two curves were obtained with specimens 
thai had been annealed at two different temperatures, 
the form of the modulus-extension curve for annealed 
copper is well established. 

These curves for copper are the only modulus-exten- 
sion curves (in this report) that give unmistakable 
evidence of n reascent. The curves for annealed 
monel metal G-12 (fig. 8) and annealed Inconel (fig. 16) 
apparently have a slight reascent. The curve for 
annealed 18:8 alloy (fig. 27) after an initial rise descends 
continuously at a decreasing rate. The course of the 
E 0 curve for annealed copper must be due to the in- 
fluence of two or more variables. The reascent of the 
curve, as shown in sections IX and X is probably due 
to change of crystal orientation. 

The basic C 0 curve for annealed copper N-6 and N-8 
(figs. 44 and 45) descends rapidly from the origin, at a 
decreasing rate, and reaches a minimum at a prior 
extension of a few percent. With further plastic 
extension, the curve evidently rises at a gradually 
decreasing rate and eventually becomes practically 
horizontal. The basic C 0 curve is qualitatively similar 
to the basic E 0 curve. The C 0 curve for copper differs 
greatly from the C 0 curves for annealed monel metal 
(figs. 6 and 8), annealed Inconel (fig. 16), aluminum- 
monel metal (fig. 19), annealed 18:8 alloy (fig. 27), and 
L3: 2 chromium-nickel steel (fig. 34). The differences 
in form of the E 0 and C 0 curves for different metals 
are due to the combined influence of three variables, 
which are discussed in section X. 

The variation of C with plastic extension of unan- 
nealed, cold-rolled copper N is shown in the small 
diagram at the right of figui'e 47. The course of this 
curve, when compared with the course of the C curves 
for annealed copper, indicates that C eventually tends 
to decrease with increase in the degree of cold-work, 
but probably does not disappear as it does with initially 
harder metals. With a harder metal, such as annealed 
monel metal, annealed Inconel, or annealed 18:8 alloy, 
as show/) in figure 46, C disappears after moderate 
tensile extension. With a still harder metal, such as 
the tempered i/>:2 chromium-nickel steel E, even the 
initial stress-modulus line is straight (fig. 37). 

IX. CRYSTAL ORIENTATION AND ITS INFLUENCE ON 
ELASTIC PROPERTIES 

THE DIRECTIONAL VARIATION OF THE MODULUS OF ELASTICITY 
OF SINGLE CRYSTALS 

The great differences in form of the modulus-exten- 
sion curves for single-phase face-centered cubic metals 
(figs. 6, 8, 16, 27, 44, and 45) indicate that during plastic 
extension the modulus is influenced by two or more 
variables. One of these variables is crystal orientation. 
Plastic deformation tends to change the orientation of 
the grains from a random to a preferred orientation. 



Because 4 of directional variation of the modulus of elas- 
ticity of a metal crystal, the change to a preferred orien- 
tation may greatly affect the mean modulus of elas- 
ticity of a polycrystalline aggregate. 

In the study of the directional variation of the modu- 
lus of elasticity of metal crystals, attention will he con- 
fined to the two types of space lattice represented by 
the metals considered in this report. These are face- 
centered and body-centered cubic lattices. The direc- 
tional variation of the modulus in these lattices is 
illustrated by the diagrams in figures 49 to 52, which 
are adaptations of diagrams in reference 2. These 
diagrams are drawn with spherical coordinates having 
(heir origins at the intersection of the three mutually 
perpendicular axes of symmetry. The surface shown in 
each figure is the locus of all points representing (by 
distance and direction from the origin) values of the 
modulus of elasticity. The axes represented in each 
figure are the cubic axes of crystal symmetry. 

In the discussion of ciystal orientation, use will be 
made of the Miller indices of crystal planes and direc- 
tions. A crystal plane is thus represented by the recip- 
rocals of the ratios of the intercepts of the three princi- 
pal axes. A cubic plane is thus represented by (100), an 
octahedral plane by (111), and a dodecahedral plane by 
(110). A crystal direction is designated by the plane 
to which the direction is normal. In order to distin- 
guish a direction from w plane, use is made of a form of 
bracket symbol. Thus, a direction making equal 
angles with all three principal axes is denoted by [111], 
the direction of a cubic axes of symmetry by [100], and 
the dodecahedral direction by [110]. In figures 49 to 
52, however, the principle crystal directions are denoted 
by letters, the significance of which is indicated in the 
legend of figure 49. 

A typical diagram of variation of the tensile modulus 
of elasticity (E) of a face-centered cubic metal is the 
diagram for gold (fig. 49). The modulus for this metal 
is least in the direction of the cubic axis (C) and greatest 
in the direction of the octahedral axis (()). The ratio 
between these maximum and minimum values for gold, 
as given in reference 2, is 2.71. For copper and silver 
(see reference 2), the ratios are 2.85 and 2.55, respec- 
tively. Diagrams for copper and silver, therefore, 
would be similar to the diagram for gold (fig. 49). The 
diagram for aluminum (fig. 50), however, is very differ- 
ent in form. As indicated by this nearly spherical 
diagram, the ratio of values of the modulus in the octa- 
hedral (O) and the cubic (C) directions is not far from 
1.0. The value given in reference 2 is 1.2. The dia- 
gram for aluminum probably is exceptional among the 
diagrams for pure metals with face-centered cubic 
lattices. 

A diagram for a body-centered cubic metal, alpha 
iron, is shown in figure 51. This diagram is similar 
in form to the diagram for gold (fig. 49). The ratio 
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of values of the modulus of elasticity in the octahedral 
(O) and cubic (C) directions is given in reference (2) 
as 2.15. For tungsten, another body-centered cubic 
metal, the corresponding ratio is given as 1.0. A dia- 
gram for tungsten, like the diagram for aluminum 
(fig. 50), evidently is nearly a sphere. 

The directional variation of the shearing modulus 
(G), as illustrated by the diagram for alpha iron in 
figure 52, is evidently opposite to the variation of the 
tensile modulus. The maximum value of the shearing 
modulus is in the direction of the cubic axis, which is 
the direction of minimum value of the tensile modulus. 
The minimum value of the shearing modulus is in the 
direction of the octahedral axis, which is the direction 
of maximum value of the tensile modulus. The ratios 
of the maximum to the minimum values of the shearing 
modulus for alpha iron, gold, copper, and silver are 

1.93, 2.28, 2.48, and 2.26, respectively These ratios 
axe slightly less than the corresponding ratios for the 
tensile modulus. For aluminum and tungsten, which 
give nearly spherical diagrams of directional variation 
of the tensile modulus, the ratio of maximum to mini- 
mum values of the shearing modulus is small, 1.16 for 
aluminum and 1.0 for tungsten. Shearing-modulus 
diagrams for these metals evidently would be nearly 
spherical. 

When the directional variation of the modulus of 
elasticity is as great as it is for copper or alpha iron, 
the orientation of the crystals may have great effect 
on the modulus of elasticity of a polycryst alline aggre- 
gate. Change from random to preferred orientation 
may greatly affect the mean value of the modulus of 
elasticity. Consideration, therefore, rmisl be given bo 
the influence of plastic deformation on the orientation 
of grains in a polyerystalline aggregate. 

CYLINDRICAL AND PARALLELEPIPED AL DEFORMATION 

In the study of the influence of plastic deformation 
on crystal orientation, it is convenient to consider two 
types of uniform deformation. One of these types is 
cylindrical deformation; the other is parraflelepipedaJ 
deformation. 

Cylindrical deformation causes equal percentage 
changes in two dimensions and a necessarily opposite 
change in the third dimension. In cylindrical deforma- 
tion, therefore, the ratio between two of the dimensions 
remains unchanged, although the external form is not 
necessarily cylindrical. Cylindrical deformation may 
be produced by tensile extension, by drawing, by rolling 
of rod or wire, or by axial compression of a cylinder. 

Pnrallelepipedal deformation is illustrated by the 
deformation of a cube into a rectangular parallelopiped, 
whose three principal dimensions are unequal. The 
unidirectional rolling of plate or sheet is the most com- 
mon example of this type of deformation. Although 
the width of the sheet remains practically unchanged 



by rolling, the ratios of the three dimensions change 
greatly. Another example of parallelepipedal deforma- 
tion is the deformation of single crystals under uni- 
directional loading. Such deformation is by slip on 
crystallographic planes. Slip generally starts on only 
one series of planes and in one direction on each plane. 
This slip causes change of direction of the plane with 
reference bo the direction of loading and change of an 
initially circular to an elliptical cross section. 1 ^forma- 
tion of single crystals by unidirectional loading, there- 
fore, is parallelepipedal. Single crystals, however, can 
be subjected to cylindrical deformation. The orienta- 
tion thus produced generally differs from the orientation 
produced by unidirectional loading. 

THE INFLUENCE OF PLASTIC DEFORMATION ON CRYSTAL ORIEN- 
TATION OF FACE-CENTERED CUBIC METALS 

Tensile extension of specimens cut from single crystals 
of aluminum, as shown by Taylor and ftlam (reference 
3), causes a [112] direction of the crystal to approach 
and finally to reach the direction of tensile loading. 
(The [112] direction is indicated approximately by 
letters E in fig. 49.) These results have been confirmed 
by investigations by others. 

Cylindrical extension of single crystals of face-cen- 
tered cubic metals, however, causes a different kind of 
crystal orientation, as has been shown by a recent 
investigation by Yacher (reference 1 >. Cylindrical 
specimens of copper, some consisting of single crystals 
and some of two crystals, were swaged cold to various 
degrees of reduction, ranging from 30 to 95 percent. 
If the octahedral axis initially made the smaller angle 
with the axis of the specimen, the crystal approached 
the octahedral [111] orientation; otherwise, it 
approached the cubic [100] orientation. The orien- 
tation caused by cylindrical extension of single crystals, 
therefore, differs greatly from the orientation caused 
by unidirectional tension. 

The cause of this difference is the lateral restraint 
necessary for cylindrical extension of single crystals. 
If either an octahedral axis or a cubic axis is in the 
direction of extension, either three or four planes of 
slip and either six or eight directions of slip, respec- 
tively, are symmetrically placed with reference to the 
direction of extension, and the resolved shearing stresses 
in these symmetrically placed directions are equal. If 
this alinement could be maintained during tensile 
extension, the extension would be by cylindrical 
deformation and not by the usual parallelepipedal 
deformation of single crystals by tensile extension. 
This alinement, however, is mctastable for tensile 
extension; a small deviation from alinement would 
cause still further deviation. A small lateral restraint, 
however, would preserve the alinement and thus keep 
either the cubic axis or the octahedral axis in the direc- 
tion of the specimen axis. When neither the octahedral 
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axis nor the cubic axis is initially in the direction of 
the specimen axis, extension with lateral restraint 
(as by swaging) evidently causes approach to either 
octahedral or cubic orientation. 

In a polycrystalline aggregate under cylindrical 
deformation, each crystal is under lateral restraint by 
adjacent crystals and thus undergoes cylindrical 
rather than parallelepipedal deformation. Cylindrical 
extension of a polycrystalline aggregate of a face- 
centered cubic metal, therefore, might be expected to 
cause some of the crystals to assume the cubic orienta- 
tion and others to assume the octahedral orientation. 
Such a duplex orientation of polycrystalline aggregates 
was found long before the recent investigation of 
cylindrical extension of single crystals. It was shown 
by Ettisch, Polanyi, and Weissenbcrg (references f> 
and 6) that hard-drawn wires of face-centered cubic 
metals have both cubic and octahedral orientations 
(double-fiber texture)- Sachs and Schiebold (reference 
7), however, found that aluminum has almost entirely 
the octahedral orientation. This conclusion was con- 
firmed by Schmidt and Wassermann (reference 8), who 
also showed that the orientation textures of face-cen- 
tered cubic metals are qualitatively similar but that 
they differ considerably in the proportions of [111] 
and [100] orientations. They found the following 
proportions: 

Percentages 

[100] [111] 

Aluminum 0 100 

Copper 40 60 

Gold 50 50 

Silver 75 25 

Schmidt and Wassermann also found that the amount 
of preferred orientation in wire is small in the outer 
layer but increases toward the center. In the outer 
layers, moreover, the preferred crystal axes are not 
exactly in the direction of the wire axis but make a 
small angle, so that the orientation is conical rather 
than longitudinal. This angle, however, decreases 
toward the center and, at a certain depth, the orienta- 
tion becomes longitudinal. Yargha and Wassermann 
(reference 9) found that the orientation texture is the 
same in the interior of both drawn and rolled wires 
and that the same duplex orientation is produced by 
tensile extension. 

Cold-drawn wires of nickel were found by Greenwood 
(reference 10) to have a double-fiber texture, consisting 
of [100] and [111] orientations with the [1 11] orientation 
predominating. As binary alloys of nickel and copper 
form a continuous series of solid solutions, all these 
alloys in the form of rod or wire would be expected 
to have qualitatively similar text ure. ( \>ld-drawn rods 
of monel metal, essentially a nickel-copper alloy, are 
said (reference 11) to have a double-liber texture, with 
the [111] orientation greatly predominating. 



Compression of single crystals of aluminum was 
investigated by Taylor (reference 12). The results 
were reported to indicate a preferred orientation with a 
dodecahedral [110] direction parallel to the direction 
of compression. Investigation by others has led to a 
similar conclusion as to the preferred orientation after 
cylindrical compression of either single crystals or 
polycrystalline aggregates. Recent papers by Barrett 
and Levenson (reference 13) and by Barrett (reference 
14), however, have led these authors to somewhat 
< I liferent conclusions. They report that the deformat ion 
texture of axially compressed cylinders, either of single 
crystals or polycrystalline aggregates, does not consist 
of a single preferred orientation. They find a rather 
wide range of orientations of which the mean orienta- 
tion is [110]. Single crystals and grains of a poly- 
crystalline aggregate assume a range of orientations, 
with fragmentation of crystals probably starting at the 
beginning of deformation and increasing with the defor- 
mation. No grains or fragments were found with [111] 
orientation and very few with [100] orientation. The 
orientation generally tanged from [110] to about [113]. 
The preferred orientation is viewed in references 13 
and 14 as a dynamic equilibrium between opposing 
tendencies, a tendency to approach [110] orientation 
and a tendency toward random orientation. 

Rolling of plate or sheet produces parallelepipedal 
deformation with one dimension practically unchanged, 
one dimension greatly reduced, and one dimension 
greatly increased. Several investigators (references lf>, 
1G, and 17) have suggested that the preferred orienta- 
tion thus produced in the direction of the reduced 
dimension is the same as the orientation produced by 
unidirectional compression and that the orientation in 
the direction of extension (direction of rolling) is the 
same as the orientation produced by unidirectional 
tension. Contradictory results, however, have been 
reported in investigations of the orientation of rolled 
plate or sheet. Many of these apparent contradictions, 
however, probably are due to nonuniform deformation 
throughout the cross section. There is now general 
agreement as to the preferred orientation of plate or 
sheet that has been carefully rolled in one direction. 

The preferred orientation of rolled plate or sheet, of 
polycrystalline face-centered cubic metals, consists ap- 
proximately of a [112] orientation in the direction of 
rolling and a dodecahedral [110] orientation in the 
direction of decrease of thickness. The preferred orien- 
tation in the direction of rolling evidently is the same 
as that of a single crystal extended by unidirectional 
tension. The orientation in the direction of decrease 
of thickness evidently is the same as that of either a 
single crystal or a polycrystalline aggregate in the 
direction of unidirectional compression. 

Few investigations have been made of the orientation 
produced by rolling single crystals. Pickus and 
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Mathewson (references 18 and 19) have recently studied 
the effect of compressing single cryst:ils by means of a 
device used by Wever and Schmid (references 16 and 
17). This device is a mold in which the metal is so 
compressed that the deformation is similar to that 
caused by rolling. As the thickness decreases, the 
width is kept unchanged, and extension is in only one 
direction. Results of investigation by Pickus and 
Mathewson with alpha brass, a face-centered cubic 
alloy, led them to the conclusion that a [112] direction 
tends to rotate into the direction of extension and a 
[110] direction into the direction of compression. These 
results indicate that the orientation produced by de- 
formation of the rolling type is the same for single 
crystals as for polycrystalline aggregates. This orien- 
tation is different from the orientation produced by 
cylindrical deformation. 

THE INFLUENCE OP PLASTIC DEFORMATION ON THE CRYSTAL 
ORIENTATION OF BODY-CENTERED CUBIC METALS 

The most common body-centered cubic metals are 
alpha iron, chromium, molybdenum, and tungsten. 
( !arbon steels are body-centered cubic unless the com- 
position and heat treatment are such as to produce 
austenite (gamma iron), a face-centered cubic metal. 
A body-centered cubic metal alloyed with iron tends to 
produce a body-centered cubic alloy; a face-centered 
en hie metal (such as nickel or manganese), ii' alloyed in 
sufficient percentage, may cause the alloy to be face- 
centered cubic. The space lattice of steels containing 
iron, carbon, chromium, and nickel therefore depends 
on the proportions of these elements. If the ratio of 
nickel to chromium is sufficiently high, as in the 18: 8 
chromium-nickel steel, the alloy is face-centered cubic. 
Otherwise, as in the 13:2 chromium-nickel steel, the 
alloy (after ordinary heat treatment) is body-centered 
cubic* 

As shown by Ettisch, Polanyi, and Weissenberg 
(reference 5) and confirmed by a number of other 
investigators (reference 20), cold-drawn iron gives pre- 
ferred [110] orientation in the axial direction. A recent 
investigation by Barrett and Levenson (reference 21) 
leads to the same conclusion. Dodecahedral [110] ori- 
entation with no trace of other textures was found after 
severe plastic extension by drawing, or by swaging 
followed by drawing. This orientation was found with 
iron, iron-silicon alloys, and iron-vanadium alloy and 
was found with both single crystals and polycrystalline 
aggregates. The single crystals generally became frag- 
mented whether or not constraint was imposed (by 
ad jacent crystals or by the die walls). 

Unidirectional compression of cylinders of alpha 
iron has been investigated by Barrett (reference 22). 
Some cylinders were cut from single crystals; others 
were cut from polycrystalline aggregates. The orienta- 
tion produced by compression of the single crystals was 



found to depend on the initial orientation. If either a 
[100] direction or a [111] direction initially made a 
small angle (less than about 17°) with the axis of the 
specimen, the crystal orientation changed so as to 
decrease the angle and finally brought that crystal 
direction into alinement with the axis of the cylinder. 
I f neither the [100] nor the [111] direction initially made 
a small angle with the axis of the cylinder, the crystal 
formed differently oriented portions, [100] and [111] 
orientations, and thus ceased to be a single crystal. 
Polycrystalline aggregates of iron, when compressed in 
the form of cylinders, were found to have duplex text ure 
consisting of both [100] and [111] orientations. 

Cylindrical compression of body-centered cubic metals 
evidently causes qualitatively the same preferred 
orientation that is caused by cylindrical extension of 
face-centered cubic metals. Cylindrical extension of 
body-centered cubic metals causes the same orientation 
[110] that is caused approximately by cylindrical com- 
pression of face-centered cubic metals. 

Somewhat different orientation of body-centered 
cubic metals is caused by parallel epi pedal deformation. 
Many investigations have been made of the preferred 
orientation in cold-rolled iron and steel plate or sheet. 
Contradictory results have been reported. A few 
investigators have reported two, or even three, super- 
posed textures. Kurdjenow and Sachs (reference 23) 
found evidence of both [100] and [111] directions normal 
to the plate or sheet. Most investigators, however, 
now generally agree that the texture consists chiefly 
of a dodecahedral [110] direction in the direction of 
rolling and a cubic [100] direction normal to the plate 
or sheet. There is a considerable range of angular 
deviation, however, about each of these directions. 
The range of deviation tends to decrease with decrease 
in the thickness by rolling (references 24 and 25). 
Thin cold-rolled plate or sheet thus has a [110] direction 
in the direction of rolling and another [1 H)| direction 
parallel to the width of the sheet. These [110] directions 
are the directions of greatest (relative) extension. 

The orientation in the direction of rolling, conse- 
quently, is the same as the orientation in the direction 
of the axis of a cold-drawn or rolled rod or wire or of a 
specimen extended by unidirectional tension. In a 
direction normal to the plane of the sheet, however, the 
orientation is not the same as the previously discussed 
duplex orientation in the direction of axial compression 
of an iron cylinder (reference 22). 

Preferred orientation may be found not only in cold- 
worked metal but also in hot-worked metal. Gensamer 
and Yukmanic (reference 20) have investigated the 
orientation of iron sheet that had been rolled at 780° C. 
and ( .M0°C. The texture was found to be qualitatively 
similar to that of cold-rolled sheet. In the sheet rolled 
at 910° C, however, the texture was less distinct than in 
the sheet rolled at 780° C. 
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THE EFFECT OF ANNEALING ON CRYSTAL ORIENTATION 

At one or more stages in severe cold-working, the 
metal sometimes must be annealed so as to permit the 
desired additional cold work. It is therefore important 
to know i la- effeel of such annealing on preferred 
orientation. Consideration must also be given to the 
possibility of changes of orientation due to annealing for 
relief of internal si ress. 

In the consideration of the effect of annealing on 
preferred orientation, attention will be first given to 
face-centered cubic metals. It has been shown that 
cylindrical extension of poly crystalline face-centered 
cubic metals generally causes a duplex texture, 
with both [100] and [111] directions in the direc- 
tion of extension. Annealing such a metal tends 
to cause a decrease in the number of crystals with [111] 
orientation and an increase in the number of crystals 
with [100] orientation. Karnham and O'Neill (ref- 
erence 26) obtained such a result by annealing hard- 
drawn copper wires. Even after annealing at a tem- 
perature too low to cause recrystallization, 130° C 
(266° F), they found appreciable change in the pro- 
portion of the [100] and [111] orientations. After 
annealing at 280° C (536° F), a temperature that 
caused complete recrystallization, the orientation was 
found to be almost entirely cubic. Similar results 
have been obtained by other investigators with other 
face-centered cubic metals. 

Annealing aluminum after plastic extension, accord- 
ing to reference 8, caused no new preferred orientation. 
Annealing a1 temperatures above 500° C, however, 
was said to give a random orientation. Burgers and 
Lonwvrse (reference 27) found that, when single crystals 
of aluminum are deformed by compression and then 
recrystallized (at 600° C), new grains appear with 
orientations different from those of the parent crystal. 
Polycrystalline aluminum, after axial compression, was 
reported to have a [110] orientation and to retain this 
orientation after recrystallization. A different con- 
clusion, however, was recently reached by Barrett 
(reference 14). He found that the deformation and 
recrystallization textures of axially compressed high- 
purity aluminum are of the same type. Practically the 
same results were obtained whet her the compressed 
cylinders were single crystals or polycrystalline ag- 
gregated. The texture obtained, as previously stated, 
consists of a range of orientation with mean orientation 
approximately [110]. 

Collins and Mathewson (reference 28) state that no 
simple relation was found that would rationalize the 
relation of the orientation of a recrystallized aluminum 
grain to that of the original crystal. 

Cold-rolled sheet of face-centered cubic metals, as 
previously stated, generally has a [1112] direction in 



the direction of rolling and a dodecahedral [110] 
direction normal to the surface. Recrystallization 
lends to cause a new orientation with cubic axes in the 
direction of rolling, in the direction of the normal to 
the surface, and in the direction of the width of the 
sheet. Such results have been obtained by (ioler and 
Sachs (references 29, 30, and 31), with copper, silver 
and gold. They also found that the tendency bo re- 
orientation on annealing differs greatly for different 
face-centered cubic metals. With recrystallized silver, 
alpha brass, and alpha bronze, they found a [112] 
direction in the direction of rolling and a [113] plane in 
the plane of rolling. Recrystallization therefore caused 
no change in the longitudinal orientation but caused 
approach to [100] orientation in the direction of the 
normal to the surface. The tendency to reorientation 
on annealing evidently is much less for these metals 
than for copper, nickel, gold and probably for other 
face-centered cubic metals. With aluminum sheet, 
Goler and Sachs (reference 32) found no new preferred 
orientation after annealing. 

r l ne same authors (reference 30 also point out that 
the effect of annealing on crystal orientation is sensitive 
to impurities and to slight variations in treatment. 
Two s pee in iens of copper with practically the same 
rolling texture had very different textures after appar- 
ently the same annealing treatment. One specimen 
had random orientation, the other had a new preferred 
orientation. Farnham and O'Neill (reference 26) also 
found (hat impurities in copper may greatly affect the 
tendency to change from a deformation texture to a 
recryst allization texture. 

The recrystallization texture of body-centered metal- 
has been studied almost entirely with sheet material. 
The texture of body-centered polycrystalline metals 
after rolling in sheet form consists, as previously stated, 
of a [110] direction in the direction of rolling and in 
the direction of the width of the sheet, and a [100] 
direction normal to the surface. The recrystallization 
texture of iron has been studied by Barrett (reference 
24), by Gensamer and Lustman (reference 33), and by 
ethers. They found that recrystallization causes rota- 
tion of the rolling texture about 15° to 17° each way 
about the normal to the surface of the sheet. (Such 
rotation may be visualized w ith the help of the diagram 
in fig. 51.) 

Cold-rolled or drawn rod or wire of body-centered 
cubic metals has been shown, as previously stated, to 
have a [110] direction in the direction of the axis of the 
rod or wire and generally a random radial orientation. 
It seems probable that recrystallization of a rod or a 
wire would cause rotation of the deformation texture, 
just as it causes rotation of the texture of a plate or 
sheet. 
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THE D1KECTIONAL VARIATION OF THE ELASTIC STRENGTH OF A 
SINGLE CRYSTAL 

It is important to know the influence of crystal 
orientation not only on the modulus of elasticity and 
on its stress coefficient bul also on elastic strength. It 
can l>o shown that crystal orientation has qualitatively 
similar effects on elastic si rengl h and on the modulus of 
elasticity. The directional variation of the elastic limit 
in a face-centered cubic crystal has been calculated by 
E. Schmid (reference 34) on the basis of his observation 
that the critical shear stress (stress necessary to cause 
slip, resolved in the direction of slip), is constant and 
independent of the normal stress on the plane of slip. 
The results of his calculations are represented by the 
diagram in figure 53. The elastic limit evidently is 

greatest in ;in octahedral direction, the direction in 
which the modulus of elasticity is greatest. The ratios 
of values of the elastic limit in the cubic, the dodeca- 
hedral, and the octahedral directions arc 1 : 1 : 1.5. The 
directional variation of the elastic limit, therefore, is 
less than the directional variation of the modulus of 
elasticity for metals such as those represented in the 
diagrams of figures 1!) and 51. 

With 100 percent preferred orientation, a bar or 
sheet would become practically a single crystal, and 
its elastic limit in any direction would be very low. 
For practical purposes, grains with preferred orientation 
should be intermingled with grains having random 
orientation. 

THE INFLUENCE OF CRYSTAL ORIENTATION ON THE FORM OF THE 
MODULUS-EXTENSION CURVE 

The great directional variation of the modulus of 
elasticity of most metals (figs. 49 and 51) suggests that 
change of crystal orientation may have considerable 
effect on the variation of the modulus with plastic 
extension. The effect of change from random to 
preferred orientation evidently would depend on the 
type of preferred orientation. If the preferred ori- 
entation is of the duplex type, the variation of the 
modulus of elasticity with prior plastic extension would 
depend on the relative numbers of grains approaching 
the [111] and [100] orientations. Increase in the pro- 
portion of grains with [111] orientation would tend to 
cause increase in the modulus of elasticity; increase 
in the proportion of grains with [100] orientation would 
tend to cause decrease in the modulus of elasticity. 

Of the metals considered in this report, copper and 
monel metal tend to form a duplex texture with pre- 
dominance of [111] orientation. As Inconel is an alloy 
containing more than 80 percent of nickel and as nickel 
tends to form a preferred orientat ion with predominance 
of the [111] orientation. Inconel probably tends toward 
predominance of the [111] orientation. No information 
has as yet been found about the preferred orientation 
of the 18:8 alloy. The 13:2 alloy, because of its 



ferritic matrix, probably tends to form a [110] orienta- 
tion. Change of orientation of monel metal, copper, 
Inconel, and 13:2 alloy from random to preferred, 
therefore, probably would tend to cause increase of the 
modulus of elasticity. Change from a rccrystalliza- 
tion texture, with further plastic extension, probably 
would have a similar effect. The effect of change of 
orientation during plastic extension, however, is only 
one factor affecting the form of the modulus-extension 
curve. The form of this curve depends on the inter- 
relationship of three important variables, which will 
now be considered. 

X. THE STRESS-STRAIN CURVE AS AFFECTED BY 
PRIOR PLASTIC EXTENSION AND BY ASSOCIATED 
VARIABLES 

THE FORM OF THE STRESS-DEVIATION CURVE FOR ANNEALED OR 
TEMPERED METALS 

As a basis for study of the influence of prior plastic 
extension on the form of the stress-strain (or stress- 
deviation) curve, attention should first be given to the 
form of the stress-deviation curve for a fully annealed 
metal or for a metal that has been heat treated so as to 
be free from the influence of cold-work and internal 
stress. The form of the stress-deviation curve may be 
deduced from the form and the slope of the stress- 
modulus line. When the stress-modulus line is straight, 
the corresponding stress-deviation curve is a quadratic 
parabola. When the stress-modulus line is curved, the 
stress-deviation curve may be approximated either by 
superposition of a cubic parabola on a quadratic parab- 
ola or by a single parabola whose exponent is between 
2 and 3. 

In table IV are listed the forms of stress-deviation 
curves and the derived indices of curvature for various 
met a Is that have been either fully annealed or tempered. 
One of these metals, 13:2 chromium-nickel steel E, 
consists of fen-it e and carbides; the others are single- 
phase metals. The forms of the stress-deviation curves 
and the derived indices are listed for both first and 
second loading. Attention will be given first to the 
initial curves for single-phase metals. 

The initial stress-deviation curves for two of the 
single-phase metals listed in table IV, monel metal 
G-12 and 18:8 alloy DM-18.3, are cubic parabolas. 
The curve for monel metal G-14 is nearer to a cubic 
than to a quadratic parabola. The curve for copper 
N-6 is a quadratic parabola, and the curve for copper 
N-8 is nearly a quadratic parabola. The curve for the 
annealed 18:8 alloy 2A-1, discussed in reference 1, is 
intermediate between a quadratic and a cubic parabola. 
The stress-strain curve obtained with Inconel is straight. 
As stated in section IV, however, this curve is based 
on too few experimental points to give conclusive evi- 
dence as to the typical form of the stress-deviation 
curve for annealed Inconel. If the nearly vertical 
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stress-modulus line (C 0 =O) for this metal actually is 
slightly curved, as appears probable, the stress-devia- 
tion curve is a cubic parabola. 

On second loading, the stress-deviation curves for 
monel metal G-14 and Inconel L-17.5 are cubic parab- 
olas, thus giving confirmatory evidence as to the 
tendency of the curves for annealed monel metal and 
Inconel to be approximately cubic parabolas. The 
second-loading curves for the 18:8 alloys and for copper 
are intermediate between a quadratic and a cubic 
parabola. 

The curves for the 13:2 alloy, both on first and second 
loading, are quadratic parabolas (fig. 35). They thus 
resemble the curves obtained with cold-worked single- 
phase alloys, such as monel metal, Inconel, and 18:8 
alloy (figs. 9, 13, and 22). The strengthening of the 
ferrite matrix of the 13:2 alloy by carbides, like the 
strengthening of a metal by cold-work, evidently tends 
to make the stress-deviation curve a quadratic parabola. 

With prior plastic extension of the annealed single- 
phase metals discussed in this report, with the exception 
of copper, C 0 first increases. This fact is illustrated by 
the initial rise of the curves for C 0 in figures 6, 8, 16, 
and 27. Within the range of extension that causes this 
increase of C 0 , C f rises rapidly and then descends, as 
illustrated by the curves in figure 46. The relationship 
between C and C\, however, varies as illustrated by the 
curves in figure 48. As Co increases with plastic exten- 
sion, C first increases and then decreases. In this 
respect, all these curves in figure 48 are similar. They 
are also similar in form to the curves in figure 46. 

The ratio of C to C 0 , which is indicated by the ratio 
of ordinate to abscissa in figure 48, evidently tends to 
decrease with increase of (\\ and hence with increase in 
prior plastic extension. This decrease of C'/C 0 is an 
indication of decrease in the order of the parabola. 
Point 1 in the curve for 18:8 alloy DM- 18. 3 thus indi- 
cates that the corresponding stress-deviation curve is a 
cubic parabola. Point 14 indicates that the corre- 
sponding curve is a quadratic parabola. The inter- 
mediate points indicate various orders intermediate 
bet w een a quadra I ic and a cubic parabola . 

While the order of the parabola tends to decrease 
(probably continuously) until the curve becomes a 
quadratic parabola, the curvature evidently first 
increases and then decreases. 

FACTORS AFFECTING THE VARIATION OF E 0 AND Co WITH PLASTIC 
EXTENSION OF COPPER 

The form of the basic E 0 curve for copper (figs. 44 
and 45) indicates that the variation of the modulus 
with plastic extension is influenced by at least two factors 
acting simultaneously. At least one factor evidently 
tends to cause descent of the curve at a decreasing rate; 
at least one factor tends to cause ascent at a decreasing 
rate. At first , the depressing influence is dominant 



and the curve descends; the elevating influence then 
becomes dominant and the curve rises. The reascent 
of the curve for copper may be attributed to the change 
of crystal orientation with plastic extension. Approach 
to the preferred orientation with plastic extension of a 
copper rod, as shown in section IX, tends to cause 
increase of the tensile modulus of elasticity. The 
factor tending to cause descent of the modulus-exten- 
sion curve will be considered later. 

Curves of variation of the modulus of elasticity with 
extension have been reported by other investigators. 
Kuntze (reference 35), in an investigation of the elastic 
properties of copper, obtained curves qualitatively 
similar to the E Q curves in figures 44 and 45. 10 He 
attributed the initial descent of the curve for annealed 
copper to increasing internal stress and the subsequent 
ascent of the curve to the influence of "pure plastic 
deformation" (deformation free from the influence of 
varying interval stress). These conclusions, as will be 
shown, are incorrect. The effects of internal st ress and 
pure plastic extension are opposite to those surmised 
by Kuntze. Furthermore, the course of the E 0 curve 
is affected by an add it tonal important factor, the change 
of crystal orientation. 

Curves qualitatively similar to the curves in figures 
44 and 45 have also been obtained by Kawai (reference 
36) with copper, nickel, and aluminum. With Armco 
iron and mild steel, however, he obtained curves that 
descend continuously at a decreasing rale. A similar 
effect of the plastic extension of steels was reported by 
Honda and Yamada (reference 37). The modulus 
values obtained by Kawai, however, are not values of 
E G but are based on a range between variable maximum 
and minimum values of stress and strain. No study 
was made of the form of the stress-strain curve. 

The initial descent of the curves for copper, nickel, 
and aluminum as well as ibe continuous descent of the 
curves for steels were attributed by Kawai to increas- 
ing internal stress. He thus expressed agreement with 
the views of Heyn (reference 38), Sachs (reference 39), 
and Honda and Yamada deference 37), 11 that intro- 
duction of internal stress decreases the modulus of 
elasticity. His views evidently are also in agreement 
with the previously mentioned incorrect views of 
Kuntze (reference 35). The ascent of the curves for 
copper, nickel, and aluminum was attributed by Kawai 
to change of crystal orientation. According to his 
views, therefore, the course of the modulus-extension 
curve is due to the combined influence of two factors, 
increasing internal stress and change of crystal orienta- 
tion. He thus overlooked one of the three important 
factors affecting the course of the modulus-extension 
curve. The factor overlooked by Kawai, however, is 

io As the curves plotted by Kuntze represent the variations of the "Dehnungs- 
zahl," the reciprocal of Young's modulus of elasticity, these curves are inverted with 
reference to the Eo curves in figs. 44 and 45. 

u Agreement with these views of Kawai is not apparent in reference 37. 
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different from the previously mentioned factor over- 
looked by Eointze (reference 35). 

Kawai classified the stress-modulus curves for body- 
centered and face-centered cubic metals in two distinct 
types, the one having a descent followed by a rise, the 
other having a continuous descent. In order to explain 
these two types, the assumption was made that ap- 
proach to preferred orientation tends to cause less 
increase of the modulus when the lattice is body- 
centered than when it is face-centered. As illustrated 
by the curves in figures 6, 8, 12, 16, 27, 38, 44, and 45, 
however, the modulus-extension curves cannot be 
placed in two distinct classes. Furthermore, approach 
to the preferred orientation (sec. IX) of some face- 
centered cubic metals tends to cause decrease of the 
modulus. 

Erroneous views as to the influence of internal stress 
have been reached because attention has been confined 
to the slope of the stress-strain curve at some indefinite 
point. Study of the variation of the modulus of elas- 
ticity with plastic extension should envisage the entire 
stress-strain curve; it therefore should include in its 
scope E 0j C 0 , and C . By such study, it can be shown 
that introduction of internal stress does not generally 
cause decrease of E 0 . Internal stress, however, is one 
of three important factors affecting the form of the 
modulus-extension curve, though it is not the cause 
of the descent of the curves in figures 44 and 45. 

The descent of these curves is due to an important 
factor not mentioned by Kawai. This factor is prob- 
ably connected with the structural changes (other than 
change of orientation) that cause work-hardening of a 
metal, such changes as slip on crystal planes, lattice 
distortion, grain fragmentation, etc. The factor that 
tends to depress the C 0 curves, therefore, will be termed 
the "work-hardening" factor. The three important 
variables affecting the course of a modulus-extension 
curve are: Crystal orientation, internal stress, and the 
work-hardening factor. Although all three factors 
may affect the course of the curve simultanously, a 
short curve may manifest the influence of only one 
factor; a long curve may manifest successively the 
influence of two factors, or even of all three factors. 

The Co curves for copper (figs. 44 and 45) are quali- 
tatively similar to the E 0 curves. This similarity 
indicates that the same two influences cause the descent 
and the rise of both these curves. The descent of the 
C 0 curves, therefore, is due to the dominant influence 
of the work-hardening factor; the reascent is due to the 
dominant influence of the change of crystal orientation. 

THE DIRECTIONAL VARIATION OF THE STRESS-COEFFICIENT OF 
THE MODULUS OF ELASTICITY 

No published information lias been found regarding 
the variation of the curvature of the stress-strain line 
with the direction in a metal crystal. The reascent of 
the Go curves for copper accompanying the reascent of 



the E 0 curves (figs. 44 and 45), however, suggests that 
the va riation of (7 0 with the direction in a metal crystal is 
qualitatively similar to the variation of E 0 . Evidence 
tending to substantiate this view may be found by 
comparing certain values of E 0 and C 0 for different 
metals of the same type, and for the same metal after 
different hea t l reatments. 

In section VI, it is shown that the values of both E () 
and C 0 obtained with 18:8 chromium -nickel steels 
DM and DH arc much lower than the values obtained 
with the five 18:8 alloys considered in reference 1. 
This difference in elastic properties cannot be attributed 
to difference of chemical composition and probably not 
to difference of microstructure or to difference in 
internal stress. The difference in elastic properties 
possibly is due to a difference in cryst al orient ation . 

The 13:2 chromium-nickel steel E (sec. VII) gave 
much higher values of both E 0 and C 0 after tempering 
at 1,240° F. by the manufacturers than after the high- 
temperature-solution treatment by the authors. These 
differences cannot be attributed to a difference in 
microstructure or to a difference of internal stress but 
possibly may be attributed to a difference of crystal 
orientation. Aft er I reatment by the manufacturers, the 
18:2 alloy probably retained the deformation texture; 
after the solution treatment by the authors, the alloy 
possibly acquired a recrystallization texture. The 
recrystallization texture of a body-centered cubic alloy, 
as stated in section J,X, is generally derived from the 
deformation texture by rotation of the crystals about 
15° in each direction from the preferred orientation 
[110]. Such rotation from a [110] direction toward a 
[100] direction, as shown in figure 51, would decrease 
the modulus of elasticity of the grains in the longi- 
tudinal direction. It is thus possible to account for 
the lower value of E 0 obtained with the 13 : 2 alloy 
after the high-temperature-solution treatment. To the 
same cause may possibly be attributed the lower value 
of C 0 . 

The evidence obtained with the 18:8 alloys, with the 
13 : 2 alloy, and with copper, therefore, indicates that 
the directional variation of the modulus of elasticity is 
accompanied by a qualitatively similar variation of the 
linear stress coefficient of the modulus, and hence is 
accompanied by a qualitatively similar variation of tin 
degree of curvature of the stress-strain curve. When 
the directional variation of Eq is of the usual type 
(represented by figs. 49 and 51), C 0 possibly is greater 
in a 1 1 1 1| direction than in a [110] direction and much 
greater in a [110] direction than in a [100] direction. 

THE THREE FACTORS AFFECTING VARIATION OF Co AND C WITH 
PRIOR PLASTIC EXTENSION 

In the study of the factors affecting the variations of 
stress-strain curve with prior plastic extension, attent ion 
will first be given to the factors affecting C 0 . The C 0 
curves to be considered first are the curves obtained 
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with metals (hiil are initially free, or practically free, 
from internal stress. With plastic extension of these 
metals, internal stress is a generally increasing variable. 
The simplest C 0 curves for such metals are obtained 
with work-hardened metals that have been annealed 
for relief of internal stress. In these short curves, only 
one factor is dominant, the influence, of increasing 
internal stress. 

Curves of this kind were obtained with monel metal 
G-8 and lnconel L-8.5 (fig. 12) and with 18.8 alloys 
DM-9 and DH-9 (fig. 28). Relief of internal stress 
by heat treatment, as shown by comparison of the 
corresponding diagrams for annealed and unannealed 
metals in figure 12, reduced C 0 for each metal to a very 
low value. With plastic extension after the annealing, 
however, the Co curves for all these annealed metals rise 
rapidly at a decreasing rate. This rise evidently is 
due to restoration of internal stress. 

The next curves to be considered are the longer Co 
curves obtained with the fully annealed metals G-12 
and G-14 (figs. 6 and 8), L-17.5 (fig. 16), and DM-18.3 
(fig. 27). Each C 0 curve for these metals has an initial 
rise followed by descent at a decreasing rate. A similar 
curve, obtained with the annealed 18:8 alloy 2A-1, is 
shown in figure 15 of reference 1 . These curves, unlike 
the Co curves for copper (figs. 44 and 45), are dominated 
first by an elevating influence, then by a depressing 
influence. The elevating influence is internal stress, 
the same factor that causes the rise of the C 0 curves 
for metals G-8 (fig. 12), L-8.5 (fig. 12), and DM-9 and 
DH-9 (fig. 28); the depressing influence is the work- 
hardening factor. The dominance of the internal- 
stress factor is within the extension range of the rapid 
rise of internal Stress. 

Although these curves are not dominated by the 
third factor, change of crystal orientation, their course 
is somewhat affected by this factor. Change of crystal 
orientation with plastic extension tends to increase 
the modulus of elasticity of monel metal (sec. IX) 
and probably of lnconel, which contains a large per- 
centage of nickel. Such a change of crystal orientation 
of these metals, like increase of internal stress, would 
lend to elevate the C () curve. This elevating factor, 
however, is initially less rapid than the change of 
internal stress. The reorientation factor does not 
usually become dominant until the depressing influence 
of the work-hardening factor has become considerably 
weakened. Even then, it does not become dominant 
in the f 0 curves for annealed monel metal, lnconel. 
and L8:8 alloys (figures 6, 8, 16 and 27). The initial 
rise of these curves consequently is due to the domi- 
nant influence of internal stress. 

[f interna] stress in these alloys were as high al the 
beginning of plastic extension as it is after extension 
of 15 percent or more, the C 0 curves probably would 
start at very high values of Co and would descend con- 



tinuously at a decreasing rate. The curves thus would 
manifest the influence of the work-hardening factor 
alone. 

Increasing internal stress with prior plastic extension 
moreover, probably is the cause of the initial increase 
of the quadratic stress coefficient C (figs. 46 and 47). 
The rise and the descent of the (" curves, like the rise 
and the descent of the C 0 curves, is due to the influence 
of two factors. At first the influence of increasing 
internal stress is dominant and the curves rise; soon the 
influence of the work-hardening factor becomes domi- 
nant and the curves descend. Dominance of the work- 
hardening factor begins sooner in the C curves than 
in the Co curves. 

The basic Co curve for the 13:2 chromium-nickel 
steel (fig. 38) is similar to (he C 0 curves for annealed 
monel metal (figs. 6 and 8), lnconel (fig. 16), and 18:8 
alloy (fig. 27) in that each curve rises initially to a 
maximum and descends at a decreasing rate. This 
metal, after tempering at 1,240° F. by the manufac- 
turers, probably retained its dodeeahedral [110] de- 
formation texture (sec. X); the crystal orientation, 
therefore, would change little with tensile extension. 
Tensile extension, however, w r ould be expected to cause 
initial rapid rise of internal stress. The initial rise of 
the C 0 curve (fig. 38) can therefore be ascribed to the 
dominant influence of increasing internal stress. The 
descent at a decreasing rate is due to dominance of the 
work-hardening factor. In the long, nearly horizontal 
pari of the basic curve, the two opposing factors evi- 
dently are nearly in balance. 

The descent from the maximum is much less in this 
curve than in the curves for the three single-phase 
alloys. This relationship suggests that the work-hard- 
ening factor may vary with the rate of work-hardening 
of the metal. A C Q curve influenced solely by the work- 
hardening factor would be the reverse in form of a curve 
of variation of the 0.1 -percent proof stress with prior 
plastic extension. The greater the ascent of the proof 
stress-extension curve, the greater probably would be 
the descent of the corresponding curve of variation of 
Co under the influence of the work -hardening factor 
alone. 

The C 0 curves for annealed copper (figs. 44 and 45) do 
not manifest an effect of internal stress. Variation of 
internal stress, nevertheless, probably has some effect 
on the course of these curves. The absence of an initial 
rise of the C 0 curve may be attributed to the relative 
softness of this metal. Because of the softness of cop- 
per, initial work-hardening with plastic extension is 
rapid and the increase of internal stress is rather slow. 
The work-hardening factor thus predominates over the 
internal stress factor and prevents an initial rise of the 
C 0 curve. In the absence of influence of change of 
crystal orientation, the C„ curve for copper probably 
would descend continuously at a decreasing rate. 
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The factors affecting the C 0 curve are generally less 
easily distinguished in the curves for unannealed work- 
hardened metals than in the curves for fully annealed 
metals, because slight plastic extension of the work- 
hardened metals generally causes rapid decrease of 
internal stress and thus tends to cause initial descent 
of the C 0 curve to a minimi mi. (With further plastic 
extension, the internal stress increases and thus tends 
to elevate the C 0 curve). The work-hardening factor 
tends to cause continuous descent of the Co curve, 
although the influence of this factor may be slight if the 
metal was severely cold-worked prior to the tensile 
extension. Two ('actors therefore tend in cause initial 
descent of the C 0 curve for unannealed work-hardened 
metals. "Flic third factor, change of crystal orientation, 
tends to elevate the C 0 curve for most metals but tends 
to depress the curve for a few metals, such as silver 
(sec. IX). This factor may have important influence, 
even though cold -working prior to the tensile extension 
has been severe. 

The C 0 curve for unannealed work-hardened monel 
metal G (fig. 12) shows no definite trend. The absence 
of downward trend of this curve probably is due to 
approximate balance between the depressing influence 
of relief of internal stress and the elevating influ- 
ence of increase in [111] crystal orientation. As the 
reduction of cross section by cold-drawing was only 
about 40 percent, the change of crystal orientation 
probably was far from complete. Approach to pre- 
ferred orientation during tensile extension, consequently 
would tend to elevate the C 0 curve and thus would 
oppose the depressing tendencies due to decrease of 
internal stress and to the work-hardening factor. 

The C 0 curve for unannealed, cold-drawn Inconel L 
(fig. 12) descends at a generally decreasing rate, at 
least to an extension of about 2 percent. Similar 
curves, obtained with work-hardened 18 :8 alloys, are 
shown in figures 11 and 19 of reference 1. The descent 
of these curves with slight plastic extension probably 
is due chiefly to relief of internal stress. 

Relief of internal stress tends to decrease C 0 , whether 
the relief is caused by slight plastic extension or by 
annealing. The effect of relief by annealing is revealed 
by comparison of the initial values of C 0 for monel 
metal G and G-8 and for Inconel L and L-8.5 (fig. 12). 
Caution is necessary, however, in attributing the ob- 
served effects of such annealing to only one of the t hree 
important factors affecting C 0 . Annealing for relief of 
internal stress generally affects more than one of these 
factors. It generally causes some decrease in hardness 
in single-phase alloys such as monel metal and Inconel, 
as illustrated by comparison of the 0.1-percent proof- 
stress curves for annealed and unannealed metals in 
figure 10. It may also cause structural changes in some 
alloys. To such changes may be attributed the fact 
that C 0 is higher for 18:8 alloys DM and DH after 



annealing at 900° F. than for the unannealed, work- 
hardened alloys (fig. 30). That relief of internal stress 
by the annealing at 900° F. was not the cause of this 
increase of C 0 is indicated by the rise of the C 0 curves 
for these alloys with restoration of internal stress 
during plastic extension (fig. 28). 

FACTORS AFFECTING THE VARIATION OF E, WITH PRIOR PLASTIC 
EXTENSION 

The same three factors that determine the variation 
of C 0 with plastic extension determine the variation of 
E Q . The effects of two of these factors, the work- 
hardening factor and the change of crystal orientation, 
on the Eq curve for copper (figs. 44 and 45) have been 
discussed. The effect of each of these factors on the 
E 0 curve was found to be similar to the effect on the C 0 
curve. Supplementary evidence that change of crystal 
orientation affects these two curves similarly, was also 
discussed previously. In the following discussion, ref- 
erence will be made to additional evidence as to the 
influence of the reorientation factor and the work- 
hardening factor on the E Q curve. 

There is considerable evidence that internal stress, 
like the other two factors, tends to affect the C 0 and 
E 0 curves similarly. This evidence will be presented 
first, and attention will then be called to some apparent 
contradictions. 

The steep ascent and descent of the E 0 curves for 
annealed Inconel (fig. 16) and for annealed 18:8 alloy 
(fig. 27), accompanying a similar course of the cor- 
responding C 0 curves, suggests that the E 0 and C 0 
curves for these alloys are dominated by the same two 
factors. The rise and the descent of these C 0 curves 
has been attributed (sec. X) to dominance of increasing 
internal stress followed by dominance of the work- 
hardening factor. The rise and the descent of the E Q 
curves, therefore, probably is due to successive dom- 
inance of these two factors. 

Additional evidence that increase of internal stress 
tends to elevate both the E 0 and C 0 curves is found in 
the diagram for fully annealed monel metal G-12 (fig. 
8). The rise of the C 0 curve is accompanied by an 
initial rise of the E 0 curve. As the rise of the Gq curve 
has been attributed to dominant influence of increasing 
internal stress, the initial rise of the Eq curve maybe 
attributed to the same factor. The descent of the 
E 0 curve from the maximum, like the descent of 
the C 0 curve, probably is due to dominance of the 
work-hardening factor. The reascent of the E 0 
curve probably is due to dominant influence of change 
of crystal orientation. The elevating influence of this 
factor evidently is much stronger for this metal than 
for Inconel. The E 0 curve for annealed Inconel (fig. 
16) shows only slight evidence of reascent after the 
depressing influence of the work-hardening factor has 
been considerably weakened. 
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The E Q curve for annealed monel metal G-14 (fig. 
6), unlike the curve for annealed nionel metal G-12 
(fig. 8) ; docs not reveal the successive influence of all 
three factors. The slow initial rise of the curve may be 
due to the combined influence of increasing internal 
stress and change of crystal orientation. After this 
rise, the influence of the work-hardening factor evi- 
dently becomes dominant and the curve descends at a 
decreasing rate. Dominance of any one factor in the 
E 0 curve for annealed monel metal is evidently slight. 

No tendency to reascent is found in the E 0 curve for 
annealed 18:8 alloy (fig. 27). The continuous descent 
of this curve from its maximum suggests the possibility 
thai the change of crystal orientation of this alloy may 
involve decrease, rather than an increase, in the pro- 
portion of grains with [111] orientation. Such a change 
would tend to depress the Eo curve (and probably the 
C Q curve). Although this alloy is predominantly face- 
centered cubic, it contains a large proportion of na- 
turally body-centered cubic (dements (iron and chro- 
mium). The proportion of grains with [111] and [100] 
orientations, consequently may be different from the 
proportion in an alloy (such as monel metal) of two 
lace-centered cubic metals. The rapid continuous 
descent of the E Q curve for the 18:8 alloy, however, 
may be primarily due to strength of the work-hardening 
factor, in accordance with the high rate of work-harden- 
ing of this alloy. 

The evidence previously presented indicates that 
increase of internal st/v-s leads to cause increase of both 
C 0 and Eo. The evidence now to be considered indicates 
that decrease of internal stress tends to cause decrease 
of both C 0 and E 0 . 

Slight plastic extension of unannealed, severely cold- 
worked metal, as shown in the previous report and els 
illustrated by a number of examples in this report, tends 
to cause decrease of internal stress. In the diagram for 
unannealed, work-hardened Inconel L (fig. 12), the 
effect of such relief of internal stress is revealed by the 
rapid initial descent of both the C 0 and E 0 curves. 
(This rapid effect, obtained with severely cold-worked 
metal, cannot be attributed to the work-hardening 
factor.) Annealing this same cold-drawn alloy for relief 
of internal stress has a similar effect, which is revealed 
by a comparison of the initial values of E 0 and Co in the 
diagrams for Inconel L and L-8.5 (fig. 12). The relief 
of internal stress by annealing has decreased both C 0 
and Eo. 

The initial values of E 0 and C 0 for unannealed work- 
hardened Inconel L (fig. 12) are much higher than the 
values obtained by the tensile extension of fully annealed 
Inconel L-17.5 (fig. 16). The maximum values ob- 
tained by this tensile extension were attained when the 
extension reached about 2 percent. With further ex- 
tension, Eo reached a minimum about equal to the 
initial value for annealed Inconel; the curve then gives 



some indication of reascent, probably under the influ- 
ence of change of crystal orientation. At the beginning 
of local contraction (at about So-percent extension), how- 
ever, JSois far below the value obtained with unannealed, 
cold-drawn Inconel L (fig. 12) and is also far below the 
maximum value for annealed Inconel L 17.") (fig. 16). 
Cold-drawing the fully annealed Inconel, after tensile 
extension of 35 percent, probably would cause further 
increase of E 0 . The reorientation factor alone, liowever, 
probably would be insufficient to increase E 0 and C 0 to 
the values found for cold-drawn Inconel L. These high 
values probably are due to high internal stress induced 
by drawing. Comparison of the diagrams for annealed 
Inconel L-17.5 and unannealed cold-drawn Inconel L 
therefore gives support to the view that increase of 
internal stress tends to cause increase of both C 0 
and So- 
Additional evidence that variation of internal stress 
tends to cause qualitatively similar variation of E 0 , 
may be found by referring to the oscillations superposed 
on the basic curves of variation of E 0 and C 0 with prior 
plastic extension. The oscillations at pairs of experi- 
mental points, as mentioned frequently in previous 
discussion, generally are qualitatively the same for 
corresponding Eo and C 0 curves. Although variations 
of the rest interval affect the magnitude of each oscilla- 
tion, the oscillations are obtained even when all the 
rest intervals are long. The second experimental point 
of a pair, in both the E 0 curve and the C 0 curve, gener- 
ally is lower than the first. As this abrupt decrease 
of C 0 can be attributed to nothing else than decrease of 
internal stress, the accompanying abrupt decrease of 
Eo may be attributed to the same factor. The rela- 
tively long plastic extension prior to determination of 
the first experimental point of a pair evidently tends to 
cause increase of internal stress, and the short plastic 
extension prior to determination of the second experi- 
mental point tends to cause decrease of internal stress. 
These variations of internal stress evidently tend to 
cause similar variation of both C 0 and E 0 . 

Attention will now be given to some instances of 
increase of C 0 associated with decrease of E 0 . An 
example of this relationship is found in the diagram for 
13:2 chromium-nickel steel E (fig. 38). The rise of 
the C 0 curve, under the dominant influence of increasing 
internal stress, is associated with a descent of the E 0 
curve. This fact does not necessarily imply, however, 
that increase in internal stress in this metal tends to 
cause decrease of Eo. As the work-hardening factor is 
dominant throughout the descending portion of the 
Co curve, a natural surmise is that the continuous 
descent of the E 0 curve is due to dominant influence of 
the same factor. According to this surmise, the influ- 
ence of increasing internal stress is dominant in the 
ascent of the C 0 curve but the work-hardening factor is 
dominant in the corresponding portion of the E 0 curve. 
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Such a relationship is compatible with the view that 
increasing internal stress tends to elevate both fche 
( o and E 0 curves. 

Other examples of increase of C 0 associated with 
decrease of E 0 are found in the diagrams for three 
metals bhal have been annealed for relief of internal 
stress, Ineonel L-8.5 (fig. 12), 18 : 8 alloy DM-9 (fig. 28), 
and 18:8 alloy DH-9 (fig. 28). Although the C 0 
curves ascend under the dominant influence of restora- 
tion of internal stress, the E 0 curves descend. This 
relationship does not necessarily mean, however, that 
increasing internal stress te?ids to cause decrease of E$ 
for these metals. There is no apparent reason for such 
difference (in influence of internal stress) between 
these metals and the same metals in the fully annealed 
condition (figs. 16 and 27). The descent of the E 0 
curves for [nconel L-8.5 (fig. 12) and for 18:8 alloys 
DM-9 and DH-9 probably is due to dominant influence 
of the work-hardening factor. This view is supported 
by the fact that the descent of these curves is associated 
with ascent of the corresponding (0.10 percent) proof- 
stress-extension curves (figs. 10 and 25). 

The opposite trends of these and C 0 curves is ex- 
plainable on the assumption that increasing internal 
stress tends to increase both C 0 and E 0 , and that the 
work-hardening factor is dominant in the E 0 curve but 
not in the C 0 curve. The effect of the internal stress 
factor on E 0 or C 0 can be represented by a curve rising 
at a decreasing rate, and the effect of the work-harden- 
ing factor can be represented by a curve descending at 
a decreasing rate. By superposition of two such 
curves, the resultant curve sometimes has an initial 
rise followed by descent and sometimes descends con- 
tinuously from the origin. This difference in form of 
the resultant curve depends on quantitative, not on 
qualitative, differences in the component curves. The 
forms of all the modulus-extension curves, therefore, 
are explainable on the assumption that variation of 
internal stress tends to cause similar variation of both 
C Q and E 0 . 

THE TILT OF THE STRESS-STRAIN CURVE AS AFFECTED BY INTER- 
NAL STRESS, CRYSTAL REORIENTATION, AND THE WORK-HARD- 
ENING FACTOR 

By the "tilt" of the stress-strain curve is meant the 
inclination of the curve as a whole, up to the yield point. 
The stress-strain curve up to the yield point may be 
viewed as the ascending portion of a hysteresis loop. 
An index of the tilt of such a loop is the inclination of a 
straight line drawn from the origin to the vertex. The 
successive loops of a series, as shown in the preceding 
report, may vary greatly in maximum width yet change 
very little in tilt. Such a change in width involves an 
increase in the curvature of the ascending curve and 
in the slope of the curve at the origin. Increase in the 
width causes an increase of both C 0 and E 0 ; decrease 
in the width causes a decrease in both these indices. 



It has been shown that each of the three important 
factors tends to cause similar changes in both C 0 and 
E 0 . Each of the factors, therefore, evidently tends 
either to increase or to decrease the width of the hyster- 
esis loop. Consideration will now be given to the 
influence of each factor on the tilt of the stress-strain 
curve. Information as to the variation of tilt with 
prior plastic extension may be obtained by comparing 
the modulus-extension curves for Z? 30 , 2? 50 , or E m with 
the corresponding curves for E 0 . In the following com- 
parison, attention will be confined to metals that were 
not in the work-hardened condition prior to the tension 
test. 

The trend of a curve of variation of E Y (the secant 
modulus at the yield point) with prior plastic exten- 
sion would be qualitatively similar to the trend of the 
corresponding curve of variation of jE 30 , E 50 , or E m . 
The trend of a basic E ZQy E m or E m curve therefore 
indicates qualitatively the influence of prior plastic 
extension on the tilt of the stress-strain curve. In the 
diagram for annealed 18:8 alloy steel (fig. 27), the trend 
of the #50 curve is downward, at least throughout the 
extent here shown. A similar trend of the E m curve, 
throughout its entire extent, is found in the diagram 
for 13:2 clrromium-nickel steel (fig. 38). In the dia- 
grams for annealed monel metal (figs. 6 and 8) and 
annealed Ineonel (fig. 18), the trend of the curves 
is upward. An upward trend of the £"30 curves is also 
found in the diagrams for annealed copper (figs. 44 and 
45). An upward trend is found when the correspond- 
ing E 0 curve reveals an elevating influence of the re- 
orientation factor. A downward trend is found when 
the Eq curve shows no elevating influence of this factor. 
The evidence therefore appears to indicate that the 
reorientation factor tends sometimes to tilt the stress- 
strain curve backward, and that the work-hardening 
factor tends to tilt the curve forward. 

The influence of the internal-stress factor on the tilt 
of the stress-strain curve is indicated by comparison of 
the abrupt superposed oscillations in the E 30 , E 50 or 
2?ioo curve with the corresponding oscillations in the E Q 
curves. The oscillations are either absent in the former 
curves or are much less than in the latter curves. 
Practically no superposed oscillations, at pairs of ex- 
perimental points, are found in the Ay curves (no1 
shown in this report) . The evidence therefore indicates 
that abrupt variations of internal stress, although they 
cause similar abrupt variations of E 0 and C 0y cause 
practically no change in the tilt of the stress-strain 
curve. 

According to the available evidence, therefore, the 
work-hardening factor tends to tilt the stress-strain 
curve forward and to decrease its curvature. When the 
reorientation factor tends to increase E 0 , it also tends 
to tilt the stress-strain curve backward and to increase 
its curvature. When the reorientation factor tends to 
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decrease E 0 , it also tends to tilt the stress-strain curve 
forward and to decrease its curvature. The internal- 
stress factor affects the curvature but probably has little 
effect on the tilt of the stress-strain curve. 

CONCLUSIONS 

The following conclusions apply to all the metals con- 
sidered in this report except as indicated. 

1. An incomplete view of the tensile elastic properties 
of a metal is obtained by considering either the stress- 
strain or the stress-set relationship alone. Considera- 
tion should be given to both relationships. 

2. In a study of elastic properties, consideration 
should be given to the influence of hysteresis and of 
positive and negative creep. 

3. Both the stress-set relationship and t lie stress- 
strain relationship are much influenced by the duration 
of the rest interval and by the extension spacing. The 
influence of duration of the rest interval is associated 
with negative creep. 

4. Curves of variation of the proof stresses with prior 
plastic extension often have many wide, abrupt oscilla- 
tions superposed on a more gradual wavelike curve. 
The wide oscillations are generally associated with 
varying duration of the rest interval and with variation 
in the extension spacing of the experimental points. 
The complexity of form of the proof -stress-ex tension 
curve may be attributed in part to variation of internal 
stress with plastic extension. 

With prior plastic extension, the proof stresses rep- 
resenting permanent set values of 0.03 and 0.1 percent 
generally increase continuously. With prior plastic 
extension, the 0.001- and 0.003-percent proof stresses 
generally do not increase or decrease continuously but 
either increase to a maximum or decrease to a minimum : 
beyond this maximum or minimum, these proof stress- 
extension curves oscillate with little or no general 
1 1 j) ward trend. The 0.01 -percent proof stress may 
follow a course similar to either the two lower or the 
two upper proof stresses. 

6. The initial trend of the two lower proof -stress- 
extension curves, and sometimes of the 0.01-percent 
proof-stress-extension, curve, depends on the initial 
change of internal stress and on the rate of wo rk -hard- 
ening. Increase of internal stress tends to cause 
descent, and work-hardening tends to cause nsami, of 
the lower proof-stress-extension curves. 

7. When the initial internal stress is high, as it gen- 
erally is in unannealed, severely cold-worked metal, 
tensile extension tends to cause decrease of internal 
stress to a minimum. When the initial internal stress 
is zero or at a minimum, as it is in metals that have 
been fully annealed or annealed for relief of internal 
stress, tensile extension tends to cause increase of 
internal stress to a maximum. 



8. With plastic extension of unannealed, work- 
hardened metals, the 0.001- and the 0.003-pcrcent 
proof stresses generally increase considerably to a 
maximum, reached at a small percentage of plastic 
extension, and then decrease to a minimum. Further 
exten sion causes irregular oscillations in the proof-stress- 
extension curve. 

9. With plastic extension of fully annealed metals, 
or of metals that have been annealed for relief of 
internal stress, the increasing internal stress tends to 
depress, and the work-hardening tends to elevate, the 
proof-stress-extension curve. If the rate of work- 
hardening of the metal is not high, the influence of 
the increasing internal stress predominates, and the 
curve has an initial descent to a minimum. If (he 
rate of work-hardening is high, as in annealed 18:8 
clu'omium-nickel steel, the influence of the work- 
hardening at first predominates and the curve has an 
initial rise. Later, however, the influence of the in- 
creasing internal stress predominates, and the curve 
descends to a minimum. 

10. From corresponding stress-strain and stress-set 
curves may be derived corrected stress-strain curves 
to represent approximately the variation of elastic 
strain with stress. From the corrected stress-strain 
curves may be derived curves of variation of the 
secant modulus with stress. 

11. The stress-modulus line for fully annealed single- 
phase metals is generally curved. With prior plastic 
extension, the curvature generally first increases, then 
decreases. With high-strength single-phase alloys, 
such as 18:8 alloy, monel metal, and Inconel, the curva- 
ture of the stress-modulus line generally is negligible 
after prior extension of more than about 10 percent or 
15 percent, and sometimes after considerably less prio" 
extension. For half-hard and hard alloys of this type 
the stress-modulus line is generally straight. 

12. The stress-modulus line for an alloy that is 
sufficiently hardened by finely dispersed hard particles, 
such as carbides (as an example 13:2 chromium -nickel 
steel), is straight. 

13. The stress-modulus line for an annealed, rela- 
tively soft metal, such as copper, is strongly curved. 
With prior plastic extension, the curvature first in- 
creases then decreases. Even after severe cold work, 
however, the stress-modulus line may be slightly 
curved. 

14. Straightness of the stress-modulus line indicates 
that the corresponding stress-strain line is a quadratic 
parabola. The curvature of the parabola may be 
measured either by the slope (k) of the stress-modulus 
line or by the linear stress coefficient ((7 0 ) of the modulus. 
The modulus at zero stress (E 0 ) may be obtained by 
extrapolating the stress-modulus line to zero stress. 
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If). When the stress-modulus lino is curved from the 
origin, a second constant ((?') is needed to represent the 
curvature of the stress-modulus line. 

I 0. For some fully annealed metals and for some other 
metals that are free from effects of cold-work, C 0 is 
zero, and the stress-strain line, consequently, is a cubic 
parabola. The stress-strain line corresponding to a 
curved stress-modulus line may be viewed either as the 
result of superposition of a cubic parabola on a quad- 
ratic parabola or as a single parabola whose exponent 
ranges between 2 and 3. For a metal sufficiently 
hardened by alloying or by cold-work, the stress-strain 
line generally is a quadratic parabola. 

17. Increase in the rest interval tends to decrease the 
slope of the stress-set curve, and thus to decrease the 
proof stresses. Increase in the rest interval tends to 
increase the initial slope (E Q ) and the curvature (<7 0 ) 
of the "corrected" stress-strain curve. 

18. The effect of increase of the rest interval on 
E 0 , C 0 , and the proof stresses, is opposite to the effect 
of relief of internal stress. The effect of the rest 
interval is apparently some kind of softening effect, 
w inch (at least for a while) predominates over any 
beneficial effect of relief of internal stress by negative 
creep. 

19. When E 0 , C 0 , C , and the five proof stresses are 
known, a fairly good picture is available of the elastic 
strength in tension. 

20. Because of the great directional variation of the 
modulus of elasticity of a metal crystal, change of 
orientation of the grains of a polycrystallinc aggregate 
may greatly affect the course of the modulus-extension 
curve. With most face-centered cubic metals, cylin- 
drical extension causes such change of crystal orienta- 
tion that E 0 tends to increase. Some face-centered 
cubic metals, however, exhibit the opposite tendency. 
With body-centered cubic metals, change from random 
to preferred orientation tends to cause some increase 
in E Q . Annealing may greatly affect the crystal orien- 
tation and thus may affect the modulus-extension curve. 

21. The directional variation of the stress-coefficient 
(C 0 ) of the modulus of elasticity of a metal crystal 
probably is similar to the directional variation of the 
modulus of elasticity (E Q ). 

22. Change of crystal orientation with plastic exten- 
sion, therefore, tends to have qualitatively the same 
effect on E 0 and C 0 . 

23. The curves of variation of C 0 and E 0 with prior 
plastic extension are continuously affected by three 
important factors: Internal stress, crystal orientation, 
and the work-hardening factor. Change in dominance 
from one factor to another is accompanied by reversal 
in curvature. By the "work-hardening" factor is meant 
the influence of the structural changes (slip of crystal- 
lograpliic planes, lattice distortion, etc.) other than 
change of crysl a] orientation. 



24. The work-hardening factor always tends to cause 
decrease of both E 0 and C 0 . 

25. A variation of internal stress tends to cause a 
similar variation of C 0 . 

26. A variation of internal stress tends to cause a 
similar v a ri a tion of E 0 . 

27. The reorientation factor tends to elevate the 
modulus-extension curves for copper, monel metal, and 
Inconel, has a slight tendency to elevate the curve for 
13 : 2 chromium-nickel steel, and shows no tendency 
to elevate the curves for 18:8 alloys. 

28. Variations of E 0 and C 0 , especially variations due 
to the influence of the rest interval and of the extension 
spacing, generally are accompanied by opposite varia- 
tions in the proof stresses, especially the 0.001- and 
0.003-percent proof stresses. 

29. The tilt of the stress-strain curve as a whole (up 
to the yield point I generally varies with the prior plastic 
extension. The work-hardening factor tends to tilt 
the stress-strain curve forward and to decrease its 
curvature. When the reorientation factor tends to 
increase E 0 , it also tends to tilt the stress-strain curve 
backward and to increase its curvature. The internal- 
stress factor, although it tends to affect the curvature, 
probably has little effect on the tilt of the stress-strain 
curve. 

30. Annealing of 18 : 8 chromium-nickel steel at 
about 900° to 950° F for relief of internal stress causes 
great improvement in the proof stresses, especially the 
0.001- and 0.003-percent proof stresses. Annealing for 
a longer time at a lower temperature, about 36 hours at 
about 480° F, causes practically no increase in the 
proof stresses above the values that would be obtained 
by annealing at the same temperature for 30 minutes. 
The longer duration of anneal, however, causes con- 
siderable decrease in C 0 . 

31. Heat treatment of the 13:2 chromium-nickel 
steel at 700° to 900° F causes great improvement in 
the proof stresses. 

32. Annealing cold-worked monel metal and Inconel 
for relief of internal stress causes great improvement 
in elastic strength without important loss in tensile 
strength. 

33. Aluminum-monel metal can be given high elastic 
strength by suitable heat treatment. 

34. By slight prestretching of a metal having high 
internal stress, the reduction of the internal stress is 
comparable with that caused by suitable annealing. 
Slight prestretching of a metal that has been annealed 
for relief of internal stress, however, generally tends to 
increase the internal stress to a high value. 



National Bureau of Standards, 
Washington, D. C, February 23, 1940. 
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Figure 1.— Influence of prior plastic extension on stress-deviation and stress-set curves for inor.el metal (i-14; cold-drawn; annealed at 1,400° F. 
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Figure 2.— Influence of prior plastic extension on proof stresses for monel metal G-14; cold-draw n; annealed at 1,400° F. 
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Monel metal G-12; cold-drawn; annealed at 1,200° F. 

Monel metal G; cold-drawn; annealed at indicated temperature. 

FlOUEK 3.— Influence of prior plast ic extension on stress-deviation and stress-set curves for monel metal. 
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FIGURE 4.— Influence of prior plastic extension on proof stresses for monel metal G-12; cold-drawn; annealed at 1,200° F. 
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;ure 5.— Influence of prior plastic extension on the, stress-modulus line for monel metal G-14; cold-drawn; annealed at 1,400° P. 
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Monel metal G-12; cold-drawn; annealed at 1,200° F. 
Alumiuum-monel metal II; quenched and cold-drawn. 

Figure 7 —Influence of prior plastic extension on the stress-modulus line for annealed monel metal G-12 and work-hardened aluminum-monel metal H. 
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Monel metal G; cold-drawn; as received. 

Monel metal G-8; cold-drawn; annealed at 800° F. 

FIGURE 9.— Influence of prior plastic extension on stress-deviation and stress-set curves Tor work-hardened monel metal. 
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received. 
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Inconel L; cold-drawn; as received. 

Inconel L-8.5; cold-drawn; annealed 
at 850° F. 

Figure 10.— Influence of prior plas- 
tic extension on proof stresses for 
work-hardened monel metal and 
Inconel. 
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Monel metal G; cold-drawn; as received. 

Monel metal G-8; cold-drawn; annealed at 800° F. 

Figurk 11.— Influence of prior plastic extension on the stress-modulus 
line for work -hardened monel metal. 
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Figure 12— Influence of prior plastic extension on the modulus of elas- 
ticity and on its stress coefficient for work-hardened monel metal and 
Inconel. 
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Figure 13. — Influence of prior plastic extension on stress-deviation and stress-set curves for Inconel. 
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FIGURE 1 \. — Influence of prior plastic extension on proof stresses for Inconel L-17.5; cold-drawn; annealed at 1,750° F. 
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Figure 15.— Influence of prior plastic extension on the stress-modulus line for Inconel. 
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FIGURE 16.— Influence of prior plastic extension on the modulus of elasticit y and on its stress coefficient lor Inconel L-17.5; cold-drawn; annealed at 1,750° F. 
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Figure 17.— Influence of prior plastic extension on stress-deviation and stress-set curves for aluminum-monel metal. 



TENSILE ELASTIC PROPERTIES OF STAINLESS STEELS AND NONFERROUS METALS 



59 



240 




Prior extension, percent 



Aluniinum-monel metal H; quenched and cold-drawn 
Aluminum-monel metal J; quenched, cold-drawn, and tempered. 

FiGUBE 18.— Influence of prior plastic extension on proof stresses for aluminum-monel metal. 
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Figure 20.— Influence of annealing temperature on proof stresses for monel metal and Inconel; cold-drawn; annealed at indicated temperatures. 
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Figure 21.— Influence of annealing temperature on the modulus of elasticity and on its stress coefficient for monel metal and Inconel; cold-drawn; annealed At indicated 

temperatures. 
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Figure 22.— Influence of annealing temperature on stress-deviation and stress-set curves for 18:8 chromium-nickel steel; cold-drawn; annealed at indicated temperatures. 
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Figure 23 —Influence of annealing temi>erature on proof stresses for i8;8 chromium-nickel steel; cold-drawn; annealed at indicated temperatures. The rest interval hetvveeu 

first and second loading ranges from 31 to 37 minutes. 
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Figure 24 — Influence of prior plS3tic extension on proof stresses for 18:8 chromium-nickel steel DM-18.3; cold-drawn; annealed at 1,8.30° F. 
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18:8 chromium-nickel steel DM-9; half-hard. 
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Figure 25.— Influence of prior plastic extension on proof stresses for 18:8 chromium-nickel steel; cold-drawn; annealed at 900° F. for relief of internal stress. 
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Figure 20.— Influence of prior plnstic extension on the stress-modulus line for 1S:8 chromium-nickel steel DM-18.3; cold-drawn; annealed at 1,830° F. 
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Figure 27.— Influence of prior plastic extension on the modulus of elasticity and on its stress coefficient for 18:8 chromium-nickel steel DM-18.3; cold-draw n; annealed at 

1,830° F. 
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Figure 28.— Influence of prior plastic extension on the modulus of elasticity and on its stress coefficient for 18:8 chromium-nickel steel; cold-drawn; annealed at 900° F. for 

relief of internal stress. 
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Figure 29. -Influence of annealing temperature on stress-modulus curves for 18:8 chromium-nickel steel; cold-drawn; annealed at indicated temperatures. 
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Figure 30.— Assembled data on the influence of plastic deformation and annealing temperature on 
the modulus of elasticity and on its stress coefficient for 18:8 chromium-nickel steel; cold-drawn. 
These values are each obtained from the first loading curve of a pair of curves. 
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Figure 34.— Influence of tempering temperature on the modulus of elasticity and on its 
stress-coefficient for 13:2 chroiniuni-nickel steel K; unless otherwise indicated, air-cooled 
from 1,750° F., tempered at indicated temperatures, and furnace-cooled. These values 
are obtained from the initial stress-modulus lines. Eq is the modulus at zero stress. 
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Figure 33.— Influence of tempering temperature on stress-modulus lines for 13:2 chromium- 
nickel steel E; unless otherwise indicated, air-cooled from 1,750° F, tempered at indicated 
temperatures, and furnace-cooled. Curves A are for steel furnace-cooled from 1,750° F.; curves 
B, for steel furnace-cooled from 1,240° F. by manufacturer. 
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Figure 36.— Influence of prior plastic extension on proof stresses for 13:2 chromium-nickel steel 

E; as received. 
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Figure 37.— Influence of prior plastic extension on the stress-modulus line for 13:2 chromium-nickel steel E; as received. 
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Figure 38.— Influence of prior plastic extension on the modulus of elasticity and on its stress coefficient for 13 : 2 chromium-nickel steel E; as received. 
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Figure 39.— Influence of prior plastic extension on stress-deviation and stress-set curves for copper N-6; cold-rolled; annealed at 600° P. 
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Figure 10.— Influence of prior plastic extension on proof stresses for copper. 
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FlOUJRE 41.— Influence of prior plastic extension on stress-deviation and stress-set curves for copper. 
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Figure 42.— Influence of prior plastic extension on proof stresses for copper N-8; cold-rolled; annealed at 800° F. 
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FIGURE 13.-— Influence of prior plastic extension on the stress-modulus line for copper. 
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Figure 44.— Influence ot prior plastic extension on the modulus of elasticity and on its stress coefficient for copper. 
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Figure 4f> —Influence of prior plast ic extension on the modulus of elasticity and on its stress coefficient for copper N-8; cold-rolled; annealed at 800° F. 
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Figure 46.— Variation of quadratic stress coefficient C with prior plastic extension. 
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FIGURE 47. -Variation of quadratic stress coefficient C with prior plastic extension for annealed copper. 
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Figure 40 —Directional variation of the tensile modulus of elasticity of a crystal Figure 50.— Directional variation of the tensile modulus of elasticity of a crystal 

of gold. of aluminum. 

Key for figures 49 to 53: 

Crystallogmphiv direction 



Mark Name Symbol 

C Cubic (100) I 

O Octahedral (111) j 

D Dodecahedral (110) j 

E Icositetrahedral (112) \ 
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Material 


Desig- 
nal ion 


Mechanical treatment 


Chemical composition (percent) 


C 


Cr 


Ni 


Fc 


Cu 


Mn 


Al 


Si 


P 


S 


18 : 8 Cr-Ni steel 


DM 
DB 

E 

G 

1 1 

J 

L 

N 


Cold-drawn (half hard) . 


0. 10 
. 10 
.09 
.18 
.22 
.23 
.04 


18. 82 
18.82 
13.3 


9.38 
9. 38 
2. 06 
Din". 
Dili. 
DitT. 
DifT. 


DifT. 
DitT. 
Diff. 
1.24 

1.7 

1.4 

5.3 




o. 47 
.47 
.48 
.94 




0. 35 
.35 
.26 
.10 


0.015 
.015 




18 : 8 Cr-Ni steel 


Cold-drawn (hard) 








13 : 2 Cr-Ni steel 


Hot-rolled 






Monel metal 


Cold-drawn 


28. 46 

28.9 

31.7 






0. 007 


Aluminum-mono) metal 

Alumituim-numel metal 


Quenched, cold-drawn . . 




2.9 
3.6 




Quenched, cold-drawn and heat treated 












Inconel 




13.2 










Oxygen-free copper _ 




99. 97 













TABLE IT. TEN SI LK PROPERTIES OE MATERIALS AS RECEIVED AND AFTER HEAT TREATMENT 



Material 



Half-hard 18:8 Cr-Ni steel 



Hard 18:8 Cr-Ni steel- 



A unruled 13:2 Cr-Xi steel 



Mond metal 



Aluininuni-Monel metal 

Ileal -treated aluminum-Monel metal 
Inconel 

Oxygen-free copper 



Coudition as 
regards heat 
treatment a 



DM 

DM-5... 

DM7 
DM 9 

DM-18.3 

DM 4.s 

DH 

DH 6 

dh : 

DH-9 

DH-4.8 

E 

E-A 

E-A-6 

E-A-7.5 

E-A-8.5 .. 

E-A-9.5 

E-A-ll 

E-A-12 

E-A-14.5 

E-F 

G 

G-8 

G-12-... 

G-14 

H 

J 

L 

L-8.5 

L-17.5_... 

N-6 

N-8 



Bar di- 
ameter 
(in.) b 



Nomi- 
nal 
gage 

diam- 
eter 
(in.) 



0.417 



. 505 



. 505 



. 333 
.333 



.333 
. 505 



Elongation in 
2 inches (per- 
cent) 



Maxi- 
mum 
load 



1.2 
72.5 



2. 16 



34. 3 
33.0 

3.7 

11.5 

2.3 



35.5 

40.0 
40.0 



Total 



84 



27.5 



11.5 
15.0 
7.5 



Reduc- 
tion of 
area 
(per- 
cent) 



78.7 



os. o 



57.4 
39. 9 
43.9 



Tensile 
strength 
rib.< >q. 
in.) 



1*1.000 
96, 500 



- n. ooo 

109, 310 



125, 700 



94. 8W 
92, 500 

116,960 

164, 150 

164, 900 



02. SOU 

33,000 
33.400 



Initial proof stress (lb./sq. in.) 



0.1 per- 


0.08 per- 


0.01 per- 


0.003 


0.001 


cent 


cent 


cent 


percent 


percent 


12*. (Kill 


101,600 


77, 700 


36, 400 


13,500 


i r.UKKi 


120. SOU 


110. UK) 


K3. 000 


33. 000 


147, 500 


125. 700 


111,000 


89, 000 


70, 500 


1 50.300 


130. 700 


113.2(H) 


01.5(H) 


.-0,000 


30,800 


27, 700 


26, 200 


22, 500 


10.2(H) 


) 15.0(H) 


122.3(H) 


100. 70(1 


73, 500 


46,000 


201. 000 


153. 000 


94,600 


53,000 


31,000 


207. v OO 


1*13. Slid 


92, 000 


52, 000 


24, (HHI 


214.000 


160, 5(H) 


111. 000 


64, 000 


33, 000 


224. 000 


ION, (1(H) 


170, 000 


110.000 


46. (KM) 


211,000 


17*. 000 


ION. (H)(l 


35. 000 


12, 000 


74,900 


64, 000 


51,700 


2S.O00 


9,500 


117, 900 


75, 100 


51,300 


36, 300 


25. 500 


141.700 


127. 1(H) 


114.300 


100,300 


74. 000 


143. 200 


131.3(H) 


122,000 


1 1 2. ( »( M i 


M, 


127.5(H) 


122. 700 


115, 100 


105. 5(H) 


92. 7no 


132. QQQ 


104,800 


S3. 200 


50. 200 


37.<KH> 


00. 3(H) 


89, 500 


73, 600 


53, IX Kl 


3S, (Mill 


7s. 5oo 


OK. 500 


50.0(H) 


35. 000 


20. 400 


90, l(H) 


61. 2(H) 


41.6(H) 


26, 300 


Is. (Kill 


102, 000 


66, 800 


42. 200 


27, 700 


19. 7(H) 


119,000 


100. 000 


90, 700 


72. 500 


0O.3OO 


104, S20 


104. S20 


III!. 7(H) 


97. 3(H) 


89, 000 


15.250 


45, 250 


45.250 


43. 700 


10, 000 


40, 170 


40, 170 


40, 000 


38, 500 


36, 300 


114,300 


78, 600 


47,000 


22.000 


8. 500 


128, 800 


120,000 


110, 800 


03. 000 


45, 000 


160, 430 


144.000 


126. 600 


71,000 


23, 000 




144, 500 


134, 700 


119. 800 


41.000 


33. 9S0 


33, P80 


::o. loo 


22, 600 


16, 200 


7,760 


6. 470 


5, 330 


4, 340 


3, 500 


7. 1(H) 


5, 900 


4, 700 


3,300 


2,500 



° In the designation of the condition of the material, a letter following a dash indicates the cooling medium in a hardening or softening treatment: A, air; F, furnace. 
When this letter is followed by another dash and a number, the number indicates a subsequent annealing or tempering temperature (degrees Fahrenheit, in hundreds). 
6 As received. 
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TABLE III. — DETAILS OF THERMAL TREATMENT 



Material 



Half-hard 18:8 Cr-Ni steel. ... 



Hard 18:8 Cr-Ni steel. 



Annealed 13:2 Cr-Ni steel 



Monel metal 



A luminum-mone] metal 

Do 

Ineonel 



Oxygen-free copper. 



Designation 



DM 

DM-5.... 
DM 7 

DM-9 

DM 1S.3 
DM 1.8 



DH 

Dll 5 
DH 7 
Dll 11 
Dll 1.8 



E... 

E-A 

E-A-0 

E-A-7.5 

E-A-8.5 

E-A-9.5 

E-A-ll 

E-A-12 

E-A -14. 5 ... 
E-F 



Q 

G s 
G-12 
C, ID 



L 

L-8.5... 
L-17.5 

N-6 ... 
N-8.... 



Tem- 
per- 
aJure 

(°F.) 



500 
70() 
000 

480 



500 
700 



1. 750 
1,750 
1.750 
1, 750 
i, 750 
1.750 
1.750 
1, 750 
1,750 



800 
1,200 
1.400 



850 
1,750 



000 
son 



Time 
held 
(min.) 



30 
30 
30 
2, 040 



30 
30 
30 
2. 640 



Cooled in— 



As received. 

Air 

Furnace 

do 

Water... 
Air 



Tem- 
pera- 
tun- 

(°F.) 



As received. 

Air 

Furnace 

do 

Air . 



do. 



00 
00 
00 
00 



300 
120 
120 



120 
120 



. 320 
300 



do.... 

do... 

do... 

do... 

..._do.... 

do.... 

...do.... 

do.... 

Furnace. 



As received 



As received . 

do 



1,240 



000 
750 
S50 
950 
1. loo 
1.200 
1. 150 



do.... 

Furnace 

...do... 



Time 
held 
(min.) 



120 
180 
150 
120 

00 
120 

60 



Cooled in — 



Furnace. 

Furnace. 
D... 

Do. 
Do. 
Do. 
Do. 
Do. 



■ By manufacturer 

b Quenched and cold-drawn followed by precipitation hardening treatment (by manufacturer). 



TABLE IV. — STRESS-DEVIATION CURVES FOR ANNEALED OR TEMPERED METALS 



Material 



Condition 



I vena- 
tion 



First loading 



I 



Eo 



Co 



Second loading 



Eo 



Co 



Stress-deviation line" 



First loading 



Second loading 



Monel metal 

Ineonel 

18: 8 alloy... 
18:8 alloy... 
13:2 alloy... 

Copper 



f Annealed 1,200° F. 

\ Annealed 1,400° F. 
Annealed 1.750° F 
Annealed 1,830° F.. 
Annealed 

Tempered 1.210 F 
I Annealed f»00 c F 
(Annealed 800° F. _ _ 



G-12 

0-14 

L-17.5..., 
DM-1S.3 

2A-1 

E_. 

N-6 

N-8 



25.3x10* 

25.0 

29.0 

27.7 

32.4 

32. 1 

16.9 

17.6 



0 

L 1x10-^ 

0 

0 

21.0 
12.6 
59.7 
168.0 



7. 4.\10-i2 
10.0 
0 

10.3 
13.6 

0 

0 

0 



25. 4: x 10" 

25.0 

29.5 

28.1 

31.5 

31.0 

16.3 

16.4 



7. IxHW 

0 

0 

7. 1 
37.4 

9.8 
47.3 
30.0 



17.7x10-11 
47.5 
97.0 
14.3 
14.9 
0 

ss. o 
scr,.o 



Cubic. 

Intermediate 

Straight 

Cubic 

Intermediate 

Quadratic 

Intermediate 
Quadratic 



Intermediate. 
Cubic. 

Do. 
Intermediate. 

Do. 
Quadratic. 
Intermediate. 

Do. 



■ The words "quadratic" and "cubic" refer to the type of parabola. The word "intermediate" means that the curve is intermediate between a quadratic and a cubic 
parabola. 
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v 

2 



Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 




Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Force 
(parallel 
to axis) 
symbol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 


X 


X 


Rollings 


L 


Y >Z 


Roll 


0 

0 


u 

V 

w 


V 


Lateral 


Y 


Y 


Pitching 

Yawing 


M 
N 


Z >X 


Pitch 

Yaw 




Normal 


Z 


Z 


X >Y 




Q 

r 















Absolute coefficients of moment 

U M 



~qbS 
(rolling) 



~qcS 
(pitching) 



Cn ~qbS 
(yawing) 



Angle of set of control surface (relative to neutral 
position), 8. (Indicate surface by proper subscript.) 



p, 

P, 

P/D, 
V, 

v n 

T, 
Q, 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient C>. 



PROPELLER SYMBOLS 



Torque, absolute coefficient C Q 



~ P n 2 D i 
. Q 



Power, absolute coefficient C P = — 

C s , Speed-power coefficient = -^/p~2 

7), Efficiency 

n, Kevolutions per second, r.p.s. 

3>, Effective helix angle =tan _1 ^~^ 



5. NUMERICAL RELATIONS 



1 hp. = 76.04 kg-m/s=550 ft-lb./sec. 

1 metric horsepower= 1.0132 hp. 

1 m.p.li. = 0.4470 m.p.s. 

1 m.p.s. =2.2369 m.p.h. 



1 lb. =0.4536 kg. 

1 kg=2.2046 lb. 

1 mi. = 1,609.35 m= 5,280 ft. 

1 m=3.2808 ft. 



